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THE GROWTH AND REGENERATION OF THE TAIL OF THE FROG LARVA* 


STUDIED WITH THE 


AID OF 


BOR 


N’S METHOD OF GRAFTING. 


By Ross GRANVILLE Harrison, Associate Professor of Anatomy, Johns Hopkins University, Baltimore. 


In the method of grafting we have a means of experimenta- 
tion for which no substitute is offered. Born’s discovery that 
certain amphibian embryos lend themselves with readiness to 
such operations, is of especial importance in that it renders 
the method applicable to the study of developmental problems. 
How important this form of experiment is, may be well 
appreciated from a careful study of the paper in which Born 
records the results of his work in this field. 

In the spring of 1897 | instituted a number of experiments 
according to Born’s method upon the embryos of several of 
to our American frogs, which were found to be well adapted 
the purpose. An account of these experiments is here given. 

The embryos of two of the forms used differ so markedly in 
coloration, that in any case where parts derived from each are 
united together into a single organism one may follow in the 
living specimen, as development proceeds, the movement of 
any group or layer of cells with respect to the original divid- 
ing line between the two constituents. By varying the region 
in which the parts are stuck together it thus becomes possible 
to trace out the mode of growth of individual structures or 
organs. 

These circumstances were taken advantage of in a series of 
experiments which are described here in the second section. 


*Reprinted from the “ Archiy fiir Entwickelungsmechanik der 
Organismen,” VII. Band. 


They concern more especially the normal mode of growth of 


the tail from the time when the medullary folds are closed 
over and the tail bud is just formed; they form therefore the 
basis for the study of the later phases of development, begin- 
ning with the stage at which nearly all previous accounts 
leave off. During the development of the tail a remarkable 
shifting of the epidermis over the underlying organs was 
observed to take place. This was followed in some detail 
since it is of importance in explaining the mode of distribu- 
tion of cutaneous nerves in the adult. 

Another series of experiments, referring to the regeneration 
of the tail, was made with the special object in view of ascer- 
taining to what extent the oral end or pole of the amputated 
tail rudiment is capable of regenerating. ‘These are described 
in the third and fourth sections. 

Finally, in the fifth section some scattered observations upon 
the fate of the tissues in the heteroplastic combinations are 
recorded, 

‘The matter is thus considered under the following headings: 

I. Material and Methods. 

II. The Growth of the Tail and its Bearing upon the Mode 
of Distribution of Cutaneous Nerves. 

III. The Regeneration of the Tail. 

IV. The Regeneration of the Reversed Tail. 

V. Derived 
Species. 


Reactions between Tissues from Different 
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I. MATERIAL AND METHODS. 


In the vicinity of Baltimore the spawn of various amphibia 
may be obtained in great abundance. For the purpose of 
experiment I made use of the embryos of Amblystoma punc- 
tatum, and of several species of frog, including Rana sylvatica, 
R. virescens (halecina), and R. palustris. The embryos of 
Amblystoma, however, are not at all adapted for transplanta- 
tion experiments for the reason that their wound-healing 
power is but very slight. Since the yolk oozes out when laid 
bare instead of being quickly covered again by the overgrowth 
of the ectoderm, the whole embryo eventually macerates in 
consequence even of simple operations.* 

Of the three anouran species used all possess the power of 
rapid wound-healing which is the chief essential to successful 
grafting. For the present purpose the most fortunate combi- 
nation between two species is that of R. palustris and R. 
virescens, on account of the very sharp color contrast, and 
the absence of undue difference in size between them. The 
eggs and embryos of the former are of a light yellowish- 


==" 


brown color, while those of the latter are dark brown, almost 
black. The coloration is due partly to the embryonic pig- 
ment situated for the most part in the ectoderm cells, and 
partly to the yolk granules, which are scattered throughout 
all the tissues. In R. palustris the latter are of a decided 
yellowish hue, while in R. virescens they are light-drab or 
almost white. ‘The contrast between the two species is 
sharpest in the cells of theepidermis. In any combination of 
embryos of the two forms it is possible to distinguish in this 
layer the species from which every single cell is derived. In 
the structures underlying the epidermis the sharpness of the 
contrast is somewhat obscured (especially for the first day or 
two after union) by the imperfect transparency of the tissues. 
But even in the endoderm or in the axial musculature the 
specific coloration of the cells may be clearly made out. The 
distinguishing characters persist for ten days or more after 
grafting, and during this period many important develop- 
mental changes take place. After the expiration of this time 
the absorption of the yolk granules and the disappearance of 
the embryonic pigment from the epidermis cells make it 
more difficult to distinguish between cells of the two species. 
The perceptible differences between the two then no longer 
extend to each individual cell. This is true with regard to 
color differences, upon the existence of which the method is 
largely dependent, for the specific markings of older larvae 
are due to the characteristic groupings of the large mesenchy- 
mal chromatophores, rather than to differences in their indi- 
vidual form and color. 

The embryos which were made use of in all the grafting 
experiments were in that stage of development in which the 
medullary folds are entirely closed over, and the tail bud is 
well rounded off from the trunk (Fig. 2).+ In this stage the 
embryos of R. virescens are about 4 mm, in length, while those 
of R. palustris are slightly longer. 

The spawning period of R. virescens is short. In the 


* Born had the same difficulty with Triton embryos. 
+ This is perhaps a slightly older stage than that which Born 
found to be most advantageous. 
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spring of 1897 it lasted but about ten days (March 22 to 
April 1). The first eggs of R. palustris were found on April 
1. For this reason it was necessary to resort to ice for the 
purpose of arresting development and prolonging the season 
during which grafting experiments could be carried on. The 
eggs were kept at a temperature just a little above freezing 
point of water without undergoing deterioration. They made 
but little perceptible advance in development during the five 
weeks they were retained, 

Concerning the methods employed in transplantation, there 
is but little to add here to Born’s account. In but one essen- 
tial did the method pursued in the present research differ from 
his. That is, cool tap water was used instead of salt solution, 
as the medium in which the operations were performed. ‘he 
former has two disiinct advantages over the latter. In the 
first place it obviates the necessity of bringing the larvae back 
to their normal medium after operation and healing in salt 
solution. This, according to Born’s experience, must be done 
very gradually and is a rather tedious process. ‘The second 
and more weighty objection to the use of salt, is that the larvae 
show the effect of their treatment both in retardation of 
development and in general weakness,* It is true that a larger 
proportion of experiments are successful initially when the 
operation is performed in salt solution, in which the wounds 
heal more quickly and surely. But the much larger percent- 
age of healthy and vigorous tadpoles which survive in the end, 
when only cool, fresh water is used, more than compensates 
for the cases unsuccessful at the start. Nevertheless in any 
case, One must expect to lose many promising composite 
individuals, and very often, as Born points out, from causes 
apparently unassignable. 

The method of study consisted largely in the daily observa- 
tion upon the living specimen, although a quantity of material 
was preserved for histological investigation. The figures in 
the text (except Figs. 1, 14 and 18) are all reproduced from 
outline drawings of the living tadpoles made with the camera 
lucida. One experiences considerable difficulty in sketching 
the larvae by means of the camera, for it is almost impossible 
to keep them perfectly still. Care was taken, however, that 
the important parts (in most cases the tail) should be made 
perfectly accurate. In some cases the body and head were 
afterwards drawn in from preserved specimens. 

The photographs reproduced in Plate X were made from 
the living tadpoles. Those of the four frogs (P1. XI) were 
taken from specimens preserved in formaldehyde. For the 
purpose of photographing live tadpoles the apparatus, origi- 
nally intended for photomicrography, was arranged as shown 
in the diagram (Fig. 1).¢ The larvae were put into a glass 
cell (a) having vertical plane walls and filled with water. This 
was placed directly between the camera (c) and the source of 
the light (7), an are light of four thousand candle power. 

* Born mentions that operations of less difficult nature may be 
successfully performed in water. He also calls attention to the ill 
effects of keeping the larvae too long in salt solution. Fora special 
study of the influence of salt solution upon the development of 
amphibia, which was first noted by Morgan (18), see Hertwig (10) 
and Wilson (28). 

+ This apparatus has been described in full by Hoen (11). 
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This could be so adjusted by screwing from side to side that 
the rays, made parallel by passing through the condenser (d), 
were directed so as to pass somewhat obliquely to one side of 
the water-chamber, to the surface of a plane mirror (mm), 
which was placed so as to reflect the light to the surface of 
the tadpole turned towards the camera. At the same time a 
small amount of diffuse light passed through the glass cell 
and likewise through the tail of the larva. The strong 
reflected light was to bring out the surface markings, while 
the transmitted light gave a transparent effect to the tail. 
Naturally, a great deal of experimentation was necessary 
before the proper proportions of reflected and transmitted 
light could be determined. ‘The difficulty was increased by 


AVIA 
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Fic. 1.—Diagram showing method of illumination used in photo- 


graphing living tadpoles. Explanation in text. 


the fact that this proportion is different for each tadpole, 
since it depends upon the deepness of pigmentation. The 
intensity of the reflected light was found to be best left at its 
maximum, while that of the transmitted could be most 
conveniently regulated by the interposition of colored screens 
(+) of different actinic power. Exposure of several seconds 
upon very sensitive plates was necessary to bring out surface 
markings properly. This accounts for the blurred appearance 
of the mouth parts in the majority of the figures.* 


Il. THe GROWTH OF THE TAIL AND ITS BEARING UPON THE 
MopE OF DISTRIBUTION OF CUTANEOUS NERVES. 


It is the generally accepted view that the tail of the verte- 
brate embryo increases in length by a process of apical growth. 
There is no doubt that the new muscle plates are added at the 
tip, and it is here that the notochord and spinal cord remain 
undifferentiated and contain numerous cells in process of 
division as evidence of active growth. 

In the method of combining parts of differently pigmented 
embryos we have a means of testing whether the accepted 
view is correct as regards each of the individual constituents 
of the tail. For this purpose the following experiment may 
be made: The tail of an embryo of R. palustris is cut off and 
transplanted to the body of a virescens embryo in place of its 
own tail, which has previously been removed. The cut is 
best made in an oblique direction with respect to the axis of 


* It gives me great pleasure to express here my obligation to Mr. 
A. 8S. Murray for much invaluable aid given in connection with the 
work of photography. 
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the body in a line passing just distal to the anus (Fig. 2).* 
The wound heals very readily after this light operation, but 
owing to the sharp contrast in color between the tissues of 
the two species the transplanted tail may be distinguished 
from the body even by the naked eye. 





Fie. 2.—Rana virescens in grafting stage, showing cut made when 


tail alone is to be replaced. x11. 


I give below the history of an individual case, the one from 
which the figures were made. 

On the day after the operation the epidermis of the trunk 
(R. virescens) extends out over the base of the tail (R. palus- 
tris). The light ectoderm (stippled area, Fig. 3) of the 
grafted tail has increased in extent as compared with the day 
before, but not commensurately with the increase in length of 
tail, which is now considerably longer than at the time of 


operation. ‘T'wo days after a still larger portion of the base 
hee ; 
/ : TIRE “Dy 
a : 


Fic. 3.—Same larva as in Fig. 2, thirty hours after operation. Vires- 


cens tissue simply outlined; palustris epidermis stippled; palustris 


musculature shaded. x11. 


of the tail is covered by the same epidermis as the body, so 
that at this time but little over half of the tail is covered over 
by the transplanted epidermis (Fig. 4). On the fourth day, 
the length of the tail having continued to increase, the area 
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Fie. 4.—Same larva, fifty-three hours after operation. x11. 


of light-brown ectoderm becomes still further removed from 
the base. The line of demarcation still retains its oblique 
direction in a general way, but is becoming wavy or jagged, 
and is as a whole somewhat curved where it passes over the 
axis of the tail, the convexity being turned towards the distal 
This is noticeable in all cases, though in a 

On each following day the ectoderm of the 


end (Fig. 5). 
varying degree. 


*The oblique cut is preferable to the transverse in that it affords 
an easy means of distinguishing the dorsal edge of the small piece 
from the ventral. 
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trunk moves further and further out over the tail, the boun- 
dary between the two kinds of epidermis becoming more 
irregular and jagged (Fig. 6). The epidermal cells of the 
body do not cover up or replace those of the tail, however, for 
the surface covered by the latter continues to increase in 
absolute amount. By the eighth day or, in some cases, earlier, 
nearly two-thirds of the tail are covered by cells which have 
shifted to it from the body (Fig. 7). After the expiration of 
this time there is only a slight further change in the position 
of the line of demarcation. It may be made out in some cases 
for a week longer. Then, owing to the disappearance of yolk 
granules and of pigment from the epidermis cells, it becomes 
practically impossible to distinguish between the cells of the 


two species. 





Fig, 5.—Same larva, seventy-seven hours after operation. x 11. 


In all, twenty cases were observed and without exception 
the changes just described took place, and in exactly the same 
manner in the reciprocal experiment where a virescens tail 
was grafted to the body of a palustris embryo. In a number 
of cases the tails of two larvae were merely interchanged, so 
that an exact comparison could be instituted. 
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Fia. 6.—Tail half of same larva, five days after operation. x 11. 


The changes in position of the boundary between the integu- 
ment of the two components is due beyond a doubt to actual 
shifting of the cells and not to any mere diffusion of pigment 
granules. This may be clearly demonstrated by examining 
the border under moderate magnifying power with strong 
reflected light. This brings into view the individual cells. 
Those of each component maintain absolutely their specific 
coloring without there being any intermingling of pigment 
granules whatever. The boundary line is a zigzag one, the 
two kinds of cells being neatly fitted to one another.* 

With regard to the structures underlying the epidermis the 
changes of relative position which take place during growth 
are not so marked as in the epidermis itself. On the day after 
the operation the larva is still very opaque, but even then, 
with proper illumination, something of the deep-lying tissues, 

* The shifting of the epidermis may likewise be demonstrated by 
following the movement of a scar during development. Byrnes (4) 
found that scars made in the region of the hind legs in embryos in 
the stage shown in Fig. 2 gradually pass out towards the tip of the 
tail. 
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more especially the muscle plates, may be made out. The line 
of demarcation between the muscle tissue of the virescens con- 
stituent (outlined in the figures) and that of the palustris tai] 
(shaded in the figures) is seen to have remained at the base of 


the tail, very near to where it was just after the operation, 
while the epidermis of the body has crept some distance out 
g. 3). Three days after the 


5 


beyond its original territory (Fi 





Fig. 7.—Tail half of same larva, seven days after operation. x 14 


operation the individual muscle plates may be observed. The 
oblique cut made in operating has evidently affected several 
segments, for at least two of them are made up partly from 
each component. ‘These two are nevertheless perfect in form 
(Fig. 5). During the three days the position of the junction 
between the two parts has moved slightly away from the head 
as compared with the position of the anus, regarded as a fixed 
point. This relative movement continues slowly (Fig. 6) until, 
about the eighth day, it amounts approximately to the length 
of three segments. The point of union, as seen on the ventral 
edge of the muscle plates is now considerably distal to the 
anus ( Fig. 7), while a perpendicular drawn through the anus 
at this stage strikes the posterior part of the eleventh segment 
(counting from the head) instead of the fourteenth as at the 
time of operating. ‘This change of position is due to the 
relative increase in the length of the individual muscle plates 
as compared with the length of the body (from nose to anus), 
which latter, as may be seen from the comparison of the 
sketches (Figs. 2-5), expands but slowly. Measurements made 
from sections of larvae preserved in stages corresponding to 
those shown in Fig. 2 and Fig. 7 demonstrate that the average 
length of the myotomes increases during this time about 
seventy per cent. of the original length, while the distance 
from the pituitary body to the anus (projected upon the 
notochord) increases but about forty per cent. This shows 
that differences in amount of interstitial growth will account 
for the relative change of position. Besides, as is well known, 
intercalation of myotomes during development and additions 
to the series from the cranial end have not been observed to 
take place. The shifting of the muscle plates out from the 
trunk to the base of the tail is accentuated in appearance by 
the increase in breadth of the fin-fold, by which the anal 
opening is removed to a considerable distance ventral to the 
limit of the muscle plates. 

The growth of the notochord apparently keeps pace with that 
of the series of myotomes, and is due, as is well known, largely 
to apical growth. Further evidence of this is to be had from 
these experiments, for in grafting it is very seldom that the 
tissues of the notochord of the two components actually fuse 
together. ‘hey remain separated by connective tissue; the 
blunt ends where they abut against one another bend slightly 
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to one side.* During the growth of these transplanted tails 
it is in the distal piece of chorda that by far the greatest 
amount of increase in length takes place. The point of 
union of the two parts of the chorda dorsalis remains by the 
junction between the myotomes of the two components. The 
relative amount of interstitial and apical growth is, therefore, 
the same in both notochord and axial musculature. 

Regarding the growth of the spinal cord the present exper- 
iments do not adduce new evidence, Its tip keeps up with 
the tip of the notochord as the tail grows. There is such 
complete union of the two portions of spinal cord in the 
healing of the wound after grafting that no scar remains as 
alandmark. That the greater amount of growth takes place 
from the end is, however, certain from the well-known fact 
that the interstitial growth does not keep pace with that of 
the vertebral column and segmental musculature, the circum- 
stance which leads to the formation of the cauda equina. 

The shifting of the epidermis tailwards over the underlying 
organs is not confined merely to the tail, as further investi- 
gation shows. In another series of experiments, instead of 
grafting only the tail to the body of another larva, a small 
portion of the trunk, say about four segments, including a 
portion of the yolk mass, was transplanted to the body of 
a larva of the other species, from which the same amount 
had been cut off. In such cases on the day after the operation 
the epidermis of the body has moved slightly towards the tail 
over the underlying tissues of the other component (Fig. 8). 





Fic. 8.—Rana virescens with tail and small portion of trunk re- 
placed by palustris tissue, twenty-six hours after operation. Palustris 
epidermis densely stippled; palustris yolk and mesoderm covered by 


virescens epidermis lightly stippled. x 11. 


Four days after the operation the amount of shifting is so 
considerable that even the base of the tail is covered with the 
dark skin. The line of demarcation (between lightly and 
heavily stippled areas in the figures), originally straight, 
now takes a very characteristic sharp bend at the level of the 
middle of the muscle plates, so that while the dorsal portion 
passes ventrally and tailwards, the ventral portion has a 
ventral and cranial direction (Fig. 9). The skin of the dorsal 
half has moved further than that of the ventral. It seems 
probable that the movement is held in check ventrally by the 
opening of the alimentary tract, where the epidermal cells 
are continuous with the cells lining the cloaca. In the 
underlying organs some changes have also occurred. The 
muscle plates of the posterior component are pushed further 


* Cf. page 186. Also Born, |. c. page 394. 

| For a day or two after the operation in such cases a very 
marked constriction where the two portions of yolk join may be 
observed. This disappears entirely in the course of time, and 
the composite larva assumes a normal appearance. 
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towards the tail as compared with the yolk. The limit be- 
tween the muscle tissue of the two parts retains its original 
direction, but between the two kinds of yolk this is not the 
case, for here the boundary is either nearly perpendicular or 
runs ventrally and headwards. The shifting of the epidermis 
continues until the integument of the anterior component 
extends to a point just beyond the anus ventrally, while 
dorsally a considerable stretch of the tail is covered by it. 
In amount, the movement is considerably less in this region 
than further towards the tip of the tail, as demonstrated in 
the first series of experiments. 








Fig. 9.—Same as Fig. 8, four days after operation. x 11. 


Even in the region of the pronephros and forelimb there is 
a slight change in position of the ectoderm with respect to 
the underlying organs as development proceeds. This is 
clearly shown in specimens in which the two constituents are 
united in this region. After the expiration of a week the 
position of the border between the two kinds of skin may be 
observed to have shifted somewhat in the same direction as 
in the posterior part of the trunk and tail, though relatively 
much less in amount. 

The explanation of this general movement of the epidermis 
from the head towards the tail is to be sought in the absence 
from this tissue of any definite growing point such as is found 
at the tip of the axial organs of the tail. At least, if there is a 
greater proliferation of cells in the epidermis of the tip than 
elsewhere over the body, it is not sufficient to keep pace with 
the general increase in length. A glance at the figures used 
in the foregoing description shows that during the one week 
in which this shifting takes place, the tail grows from almost 
nothing toa length greater than that of the rest of the animal 
(cf. Figs. 2,5 and 7). The consequence of this rapid growth is 
a steady pulling of the covering of the body out to the tail, since 
the attachment of the epidermis to the underlying tissues must 
offer but insufficient resistance to this movement. The great- 
est amount of shifting is found in the cells nearest to the tip, 
and it becomes less and less as the head is approached. A 
given cell located originally at the posterior limit of the four- 
teenth myotome moves during seven days toa point at least 
2.5 mm. further peripherally, that is, through a distance equal 
to about fourteen segments. Of course it is probable that a 
certain amount of the movement is due to the protoplasmic 
activities of the ectoderm cells themselves, as we have good 
evidence of the amoeboid activity of such cells, especially in the 
covering of wounds, and in fact when the tail is amputated.* 

* The covering of the wounds through the amoeboid activity of 
epidermis cells was first demonstrated by Peters (20) in the case 
of the frog’s cornea. Barfurth (2) confirmed this result in his 
study of wound-healing after amputation of the tail. 
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To sum up, then: The tail of the tadpole increases in length 
by a process of apical growth in the musculature, notochord 
and spinal cord, and also, but to a much less extent, by the 
greater amount of interstitial growth of these parts as com- 
pared with that of the body as a whole; this latter factor re- 
sults in the pushing of about three segments from the body 
to the base of the tail. Little or no evidence of apical growth 
is to be found in the epidermis, which gradually moves out 
from the body to the tail, so that finally two-thirds of the 
latter become covered by skin from the body.* 

The gliding of the skin over the underlying organs is a 
most interesting phenomenon when considered in connection 
with the mode of distribution of the cutaneous nerves in the 
adult vertebrate. 

As is well known, the integument of the trunk is divisible 
into a series of zones, each of which corresponds to the 
area of distribution of a given spinal nerve. There is an 
overlapping of adjacent zones, but the sensory areas of 
the individual nerves are continuous, at least in those portions 
of the trunk left undisturbed by the growth of the extremities. 
The portion of the skin innervated by a given spinal nerve 
does not necessarily exactly overlie the muscular zone which 
is supplied by the ventral root of the same nerve. In the 
region of the first dorsal vertebra the limits of the sensory 
and motor belts do correspond very nearly, but on passing 
towards the tail the discrepancy between the two increases. 
The sensory area lies relatively further tailwards than the 
corresponding muscles.| The cutaneous nerves in passing to 
the skin take a more and more oblique direction the further 
tailwards their origin.t In the tadpole those nerves which 
run to the tip of the tail arise not far from its base and pass 
nearly longitudinally to their destination. 

The shifting of the epidermis during development over the 
subjacent muscle plates, as ascertained above experimentally, 
corresponds in direction and in relative amount in the different 
regions with the displacement of the sensory area as compared 
with the motor belt of the same segmental nerve. In the re- 
gion of the upper dorsal vertebrae there is but little shifting and 
but a slight segmental discrepancy between sensory and motor 
zones, While both increase gradually as the tail is approached.§ 





* This supports H. Virchow’s (23) conclusion drawn from the 
study of the formation of the tail in Elasmobranchs. 

t This has been shown physiologically most recently by Sher- 
rington (22) who has worked the matter out especially carefully 
on the monkey, Macacus, giving a full account of previous work 
upon the subject. Unfortunately, in the frog, his study was con- 
fined to the hind limbs alone and did not include the trunk. In 
man the sensory areas have been very completely defined, clini- 
cally, by Head (7) whose diagrams show very clearly the increas- 
ing discrepancy between the level of the exit of the nerve from 
the vertebral canal and its area of distribution in the skin, as the 
sacral region is approached. As Sherrington points out, there is 
more than a general correspondence between his own results and 
those of Head. 

| This is independent of the oblique course taken by the nerves 
in passing from the origin in the cord to those points of exit from 
the vertebral canal, which is accounted for by the unequal growth 
of the spinal cord and vertebral column. 

¢ When the position of the sensory area is compared with the 
point of origin of the nerve from the spinal cord, the segmental 
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Wandering of skin, then, like wandering of muscles, occurs 
during development, but the nerves remain to indicate the course 
of this ontogenetic wandering of the one as well as of the other, 

These considerations suggest that a connection between 
each ganglion cell and its end organs in the integument is 
established early in development, and that each nerve rudi- 
ment in its first stage passes from its origin in the ganglion 
cell by the shortest path to the integument; and conversely, 
that each portion of the integument in this stage is innervated 
by that nerve the root of which has its origin nearest to it. 
The more complicated relations found in the adult are due to 
the gradual drawing out of these connecting nerves, as the 
parts separate during development.* 

There is indication that in each region where there is 
discrepancy between sensory and motor zones, the cause of the 
shifting is to be sought in the actual pulling of the skin, 
which results from the unequal growth of subjacent structures 
in the embryo. Thus, in man the rapid growth of the hind 
limbs would have the same effect as that of the tail of the 
tadpole in pulling the skin from above. Likewise, it does not 
seem improbable that the great increase in the size of the 
brain may account in the same way for the distribution of 
cervical nerves to the occipital region. 

Of course it is meant to explain in this way only the course 
of the main nerves and not the finer anastomoses, and it is not 
intended to deny that other factors than the shifting of the 
skin play a part in determining the course taken by its nerves 
in the adult. For instance, this must certainly be the case 
with the lateral branch of the vagus; for the sense organs of 
the lateral line in the grafted larvae just described form a 
complete series extending to the extreme tip of the tail and 
continuing without break or bend from the integument of 
one component to that of the other, although, as can be 
directly observed, all of them receive fibres from the ramus 
lateralis vagi, which are derived entirely from ganglion cells 
of the anterior component. This must mean that in this case 
a connection is established secondarily between these ganglion 
cells and the sensory cells in the epidermis of the transplanted 
piece. This probably takes place in the same manner as a 
severed nerve grows out again to its end organ. 


Il]. THe REGENERATION OF THE TAIL. 


For the purpose of controlling the experiments described in 


difference between the two becomes even more marked. And this 
difference affords a much more exact measure of the amount of 
shifting of the skin, since, as shown above, the muscle plates shift 
considerably in the same direction during development. 

* This conclusion is identical in part with the well known view of 
Hensen (8, page 121), “‘dass die Nerven nicht ins Gewebe hinein- 
wachsen, sondern durch die allmahliche Entfernung der einzelnen 
Zellen und Gewebe von einander ausgezogen wiirden.’’ But it 
cannot be said to lend positive support to the opinion expressed 
less reservedly in a later paper (Hensen, 9, page 373), ‘‘ dass die 
Nerven niemals ihrem Ende zuwachsen, sondern stets mit dem- 
selben verbunden sind.”’ Nor do the observations above described 
offer any evidence as to exactly how and when the connection 
between nerve cell and end organ arises. They are, therefore, not 
to be construed as necessarily contradicting the view, at present 
almost generally accepted, that each axis cylinder grows out 
centrifugally from the ganglion cell to the end organ. 
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the second and fourth sections the normal regeneration of the 
tail was studied. The following account based upon this 
study refers almost exclusively to the regeneration of the 
peripheral nervous system, concerning which some new obser- 
vations are recorded. ‘These, while supplementing our meagre 
knowledge of this subject, are still of a preliminary nature.* 

‘he material used consisted of larvae of R. palustris and R. 
virescens in three different stages of development. All of 
these are much earlier than those studied by previous writers. 
The youngest stage is the same as that used for the trans- 
plantation experiments (Fig. 2). ‘The next stage is represented 
by larvae two days older (6.5 mm. long) and the third by those 
six days older than the first (9 mm. long). On account of the 
absorption of the greater part of the yolk having taken place 
in the last named, these were found to be the most favorable 
for histological study, and it is upon these that the description 
is largely based. Serial sections, best cut parallel to the frontal 
plane, were found to be indispensable. 

The regularity with which the tail is regenerated is remark- 
able although, even in outward appearance, the regenerated 
appendage (Figs, 2 and 4, Pl. X) never becomes exactly like 
the original (Figs. 1 and 3, Pl. X). In the former the series of 
muscle plates does not taper quite so gradually to the end, 
and there is an absence of that slight.thickening in the axial 
muscles which marks the middle region of all normal tails. 
Besides, the regenerated tails are much more heavily pigment- 
ed than the ones which they have replaced, and in R. virescens 
there are three or four blotches of black pigment arranged in 
a row along the lateral line which are not found in the 
original tails (Fig. 2, Pl. X). 

The changes which mark the beginning of the rehabilita- 
tion of the peripheral nervous system of the tail may be 
observed within the first twenty-four hours after amputation.} 

In a specimen preserved eighteen hours after amputation, 
which is the earliest stage examined, a few fine nerve fibrils 
are seen to pass out from each side of the spinal cord at a 
point very near to the cut end. These arise from cells within 
the cord and have been regenerated since the operation. They 
are distinct from the fibres which comprise the last nerve root 
arising from the old part of the cord. The ganglion of this 
nerve was removed in the operation, but the fibres of the 
motor root are seen to pass obliquely outwards and backwards. 
In later stages they mingle with the fibres regenerated from 
the cut end of the cord. 

In a specimen preserved forty-three hours after amputation 
the new nerve is very well marked, and contains a very con- 
siderable number of fibres. The spinal cord is entirely closed 
‘n and now extends 0.2 mm. beyond the origin of the nerve, 
indicating new growth to that amount. At the root of the 
nerve and extending both proximally and distally within the 
substance of the cord there are situated a number of ganglion 


* Fraisse (6) and Barfurth (2), treating of the general subject of 
regeneration, devote much attention to the study of the amphibian 
tail. A full account here would therefore necessitate much 
repetition. 

+ In this respect the younger larvae here studied must differ 
markedly from the older ones, where, according to Barfurth, the 
peripheral nerves are the last structures to begin regeneration. 
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cells, which are still but slightly differentiated. It is from 
these cells that the nerve fibres, at least in part, arise. The 
new nerve is joined by a number of fibres from the next nerve 
root, which is the last one arising from the old part of the 
cord and from which the ganglion was cut off. Likewise this 
is connected with the last of the remaining ganglia by means 
of a longitudinal commissure.* And in this particular case, 
upon which the description is based, though not in all others, 
an anastomosis exists between the newly regenerated nerve 
and the n. lateralis vagi which passes along the lateral line 
close by. 

After the new nerve trunk is formed, as later stages show, 
many of the ganglion cells which were situated at the root of 
the nerve wander out from the cord and form a large peripheral 
ganglion.t In some cases a chain of ganglion cells extends 
from the last ganglion of the old part of the tail to the new 
ganglion, so that some of the cells of the latter may possibly 
be derived from the persisting ganglia. In other cases this is 
not true, and in all cases observed the majority of the cells of 
the new ganglion are traceable directly to the cord. What is 
more remarkable, the cells which arise from the cord seem to 
come rather from its ventral side, although the cord is in this 
region so slender that a division into the dorsal and ventral 
zones of His can scarcely be made out. Even when the new 
ganglion is fully developed, a number of nerve cells still 
remain in the cord grouped around the point of exit of the 
nerve. These no doubt represent the motor elements, while 
those which wander out are the sensory cells. 

The essentials of this new development of the peripheral 
nervous system take place within the first five days after the 
removal of the old appendage. At the end of this time the 
new nerve may be followed for some distance peripherally, 
where it seems to end in close proximity to the regenerating 
muscle cells. 

In tails which have regenerated five days or more a few 
ganglion cells may usually be found scattered along the new 
peripheral nerve trunk. Later these cells segregate into 
several groups. In a specimen regenerated ten days two such 
groups of cells were found, and the diminished size of the 
original regenerated ganglion indicated that migration of 
cells from there had taken place. This may be interpreted 
as an attempt to restore the more distally situated ganglia 
which were removed in amputation. 

The study of much older stages shows, however, that the 
lost ganglia are never entirely restored. In a case where the 
tail had regenerated for over two months no nerve cells are 
to be found in the new portion of the tail beyond the original 
regenerated ganglion, which is situated opposite the twelfth 
myotome. This ganglion is large and from it several stout 
nerve trunks pass to the periphery, forming anastomoses with 
nerves arising further headwards. 

In another specimen regenerated the same length of time 
two groups of ganglion cells were found on the regenerated 

*Such longitudinal commissures connect all the nerve roots of 


the normal tail as was shown by Hensen (8). 
+The presence of this ganglion has been noted by Barfurth (2, 


page. 428). 
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nerve, and in still another, three groups of cells were present. 
With the exception of but one case it has not been possible 
to demonstrate separate dorsal roots in connection with any 
of these secondary ganglia; nor, as far as could be observed, 
do any motor roots leave the cord at any point distal to the 
origin of the first regenerated nerve. At least, no notice- 
able nerve trunks do. Nevertheless, there are a considerable 
number of ganglion cells and nerve fibres in the regenerated 
part of the cord, so that some fibres may be given off from 
here at intervals, perhaps singly and sporadically.* 

The difference between the innervation of the normal and 
of the regenerated tail is, however, not so great as might 
be assumed from the above account, for the ganglia of the 
normal tail extend by no means to the tip.f In R. palustris at 
least the distal half of the tail is destitute of spinal ganglia. 
The greater part of the tail fin is innervated by branches of 
the large nerve trunks which arise near the root of the tail, 
and which, forming a plexus, give off branches to the skin 
and muscles of the distal part. 

In the lizard, according to Fraisse, no spinal ganglia 
are regenerated at all after amputation of the tail, and the 
regenerated part of the spinal cord remains in a rudimentary 
condition. The new tail is innervated by three pairs of stout 
nerve trunks which arise from the last segment of the unin- 
jured part of the cord. The last ganglion as well as the roots 
of the nerve pair are much larger than usual.t In Pleuro- 
deles the ganglia are regenerated from the ventral side of the 
spinal cord, while in Proteus ganglia of the tail which here 
extend to the tip, develop in the embryo in the same way.§ 

The condition found in the regenerated tails of anouran 
larvae (R. palustris and R. virescens) seems, therefore, to be 
intermediate between the conditions found in the Lacertilia 
and the Urodela. As compared with the regenerated tail of 
the lizard, that of the tadpole more nearly attains the con- 
dition found in the normal tail. 


IV. REGENERATION OF REVERSED TAILS. 


The study of regeneration shows that a lost appendage is 
reproduced in a manner much the same as the original mode 
of development. After amputation of the tadpole’s tail a new 
one grows out which closely resembles the one cut off. The 
“polarity” of the organism is maintained. On the other 
hand, tails which have been severed from the body do not 
regenerate the lost trunk and head, as is true of almost any 
portion of such animals as planarians or hydroids, where the 
power of regeneration is well nigh perfect. Nevertheless, a 
tail removed from the body when yolk is present in its tissues, 
may live for ten days or more, and besides undergoing normal 
growth and differentiation, may show signs of beginning 


* Cf. Hensen (8). 

Tt This has been clearly demonstrated by Hensen (8) who has 
given an admirable description of the nerves of the tail. This has 
been supplemented more recently from the histogenetic side by 
von Kolliker (13). 

{ Fraisse, page 120. 

§ Fraisse, page 123. 
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regeneration headwards.* It might, therefore, be urged that 
non-regeneration is due to lack of food supply. By the 
method of grafting it is possible to implant an amputated tail 
by its distal end into the body of another larva, and thereby 
supply it for an indefinite period with proper nourishment, 
so that its capacity for regeneration from the head-end may 
be tested under favorable conditions. ‘These transplanted 
pieces may be placed in what is termed the reversed natural 
position that is, in place of the removed tail, or they may be 
grafted to any desired region of the body of another in- 
dividual. 

It is obvious that in the former case two like ends or 
“poles” are united together. ‘The free head-end of the 
grafted stump is in the same position with regard to the 
whole organism as is the free tail-end of a larva from which 
the tail has been cut off. But a tail is necessary to complete 
the organism in the former as well as in the latter case. ‘The 
question then arises, whether a tail will be produced under 
the influence of the position of the regenerating centre with 
regard to the whole organism, or whether the elements in 
the transplanted stump retain their original orientation and 
strive to reproduce the lost body.f By varying the position 
of the transplanted piece, as mentioned above, it is possible 
to test the influence of*functional activity upon the regener- 
ating parts. 


A. Tails Grafted in Reversed Natural Position. 


Owing to the small size of the tail-bud at the grafting 
period it is impossible to perform directly the experiment in 
which the tail is reversed. The double wound which would 
be necessary in order to do this is sufficient to cause the 
maceration of such a small piece. In order to avoid, there- 
fore, two simultaneous cuts, the tail-buds of two larvae may 
be cut off and the larvae brought together end to end. After 
the expiration of a certain time (from one to six days) when 
the two individuals are firmly united and the tail stumps of 
each stand out more or less from the body, the two may be 
cut apart as shown in the sketch (Fig. 10). Thus a small 
part (as future development shows, portions of three or four 
myotomes) of the base of the tail of one larva is left attached 
to the tail-stump of the other, but obviously the two ends of 
the transplanted piece are reversed. That which was turned 
headwards when in connection with its own body now forms 
the free distal end of the tail of the new individual to which 
it is attached. After cutting apart, both larvae may be kept 


* Vulpian (25) and Born (3) have made a study of the life of such 
isolated tails. The latter records that both notochord and spinal 
cord show signs of regeneration headwards, and that they grow 
out to some extent into a kind of fin-fold formed by the growth 
of the epidermis out beyond the surface of the wound. The cut 
muscle fibres show signs of degeneration as is usual before the 
actual regeneration begins, although in these cases the process 
does not pass beyond the initial stages. A full account of Vul- 
pian’s work is given by Born (p. 378). 

+ This is analogous to Morgan’s (17) experiment with earth- 
worms. Wetzel (27) has also recently made a similar test with 
hydra (see foot-note p. 188). 
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under the same conditions and observed daily in order that 
the regenerative process in each may be compared.* 

This experiment was made in a large number of cases. 
‘The results were, however, in a high degree variable, so that 
it will be necessary to describe a number of individual cases. 
It seems best to begin with the one in which regeneration 
took place most regularly, that is, in a manner most like the 
normal regeneration from the caudal end. 


\ * 
4 a 
Fie. 10. 
Case l. Two days after operation, showing cut made to separate 
the two components. x 8. 


CasE 1.—Both components R. virescens. Cut apart two 
days after union (Fig. 10). On the day after cutting, the 
epidermis could be seen to extend a short distance beyond 
the axial structures as a result of the general backward shift- 


Fig. 11. 


Case 1. Three days after cutting apart. a, combined larva; }, 


accessory larva. x8. 


ing of the whole layer. There is a slight swelling in the 
axial musculature where the tissues of the two constituents 
adjoin. Three days after cutting the epidermis has pushed 
out much further, and its periphery is still rough as in the 
initial stages of ordinary regeneration (Fig. 11, a@ and 3). 
The axis of the tail tapers out to a point and there is already 
an increase of tissue at this growing end. ‘The cells being 
still full of yolk granules, the larvae are so opaque that the 
exact lines of internal structures (myotomes, notochord, etc.) 
cannot be made out. Comparison of the two larvae shows 
similarity in the conformation of the tips of the tails. 

On the sixth day enough yolk is absorbed from the tissues 
to render the tail more or less transparent, and now the blood 
may be seen for the first time circulating in the tail, in the 
transplanted stump as well as in the larva proper. The fin- 
fold has grown still further distally, and although there are 
still a number of surplus cells along its periphery, which give 
it a ragged appearance, its end is beginning to round off (Fig. 
12). The transparency of the tissues now enables one to make 


* Of course, in the strict sense, this comparison should be made 
between regenerating grafted tails placed in normal orientation, 
and regenerating reversed tails, but since it can be shown that the 
grafted tails regenerate as readily as original tails, this precaution 
does not seem necessary (page 190). 





out the contours of the muscle-plates, which are by this time 
distinctly V-shaped. In those derived from the principal larva, 
the angle of the V-points, of course, away from the tip of the 
tail, but those of the transplanted piece are reversed. They are 
oriented just as they would have been had they never been 
removed from their original position. This characteristic 
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Fie. 12. 

CasE 1. Tail portion of combined larva (Fig. 10a) five days after 
cutting apart. x 14, 


shape of the muscle plates had been acquired, however, before 
the two larvae were cut apart, to some extent even before they 
were stuck together. The myotomes of the two constituents 
are dovetailed together. The notochord may also be clearly 
seen. It extends a short distance out beyond the original 
muscle-plates. Between the latter and the tip of the noto- 
chord there are numbers of undifferentiated sarcoblasts. 





Fie 13. 


Case 1. Nine days after cutting apart. x 14. 

On the tenth day, still further advance in development is 
to be noted. The fin-fold is now well rounded off, and is 
beginning to become pointed as in the normal tail (Fig. 13). 
A slight aggregation of superfluous ectodermal cells makes a 
little thickening at the tip. The blood circulation is well 
established throughout the whole tail. The contours of the 
muscle-plates, where the tissues of the two constituents 
adjoin, are about the same as they were when first noted. 
Measurements show that the notochord has grown 1.5 mm. in 
the last four days. Differentiation in the regenerated portion 
is progressing. ‘The more proximal of the sarcoblasts situated 
between the old myotomes and the tip of the notochord have 
given rise to muscle fibrils in which cross striation is plainly 
visible. 

On the fifteenth day, the transplanted portion of the chorda 
dorsalis is over four millimetres in length. The tail now 
tapers gradually to a point, and can scarcely be distinguished 
from a normal tail except for the slight swelling of the 
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muscle-plates at the place where the two larvae were stuck 
together. Moreover, the creature is now very active, and swims 
as well and as rapidly as any other tadpole of its own size. 

On the twenty-ninth day the transplanted portion of the 
notochord has attained a length of ? mm. The whole length 
of the organism is 17.5 mm., of which 10 mm, is tail. ‘The 
tail of the larva with which this was united is just 10 mm. 
long, although the body is somewhat longer, 8 mm. It is 
seen, therefore, that the normally regenerated tail has grown 
quite a little faster than the appendage regenerated from the 
head-end, for, at the start, the former was shorter than the 
latter by the length of about six myotomes. The reversed 
tail is slightly crooked. The tip, for instance, is bent over 
to the right side. This does not, however, interfere with the 
rapid locomotion of the animal. 

This irregularity increased but little as time went on, as 
may be seen from comparing the two photographs (Fig. 14 
and Fig. 15, Pl. X) taken respectively thirty-eight and eighty- 
nine days after the cutting of the larvae apart. ‘The muscu- 
lature is somewhat stouter than in an ordinary tail (Figs. 1 
and 3, Pl. X) or even in a normally regenerated tail (Fig. 2, 
Pl. X). The whole appendage is not so long and the fin-fold 
is broader and more rounded at the tip. The notochord has 
evidently grown more rapidly than the other structures, and 
hence takes a wavy course from base to tip. The tail is also 
very heavily pigmented, and although all regenerated tails of 
R. virescens are darker than the normal, none were observed 
so dark as this and other reversed ones. The creature has 
grown on the whole more slowly than the average, and is infe- 
rior to its fellow in size, although it is very active and uses its 
tail to as much advantage as a normal individual. Stimula- 
tion of the extreme tip with the point of a sharp needle brings 


about the usual sudden reflex. 





Fig. 14. 


Case 1. Ninety-five days after cutting apart, as seen after staining 


m, spinal cord; ch, notochord; sense organs of the 


Ooo”, 


and clearing 


lateral line. x 6. 


A little over three months after grafting, this specimen was 
preserved for the purpose of more minute examination. After 
being stained and cleared, it was first studied in tofo as a 
transparent object, and was cut afterwards into a series of 
frontal sections. ‘The main features of the tail seen as a 
transparent object are shown in Fig. 14. The notochord 
passes continuously from the region of the principal larva out 
An examination of the sections shows 


into the grafted tail. 
beyond doubt that the chordal tissues of the two constituents 
are fused completely with one another. 


This is unusual, and 
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no doubt accounts for the exceptional degree of perfection 
attained by the regenerated tail in this individual case. ‘The 
contours of the original muscle-plates, although considerably 
obscured by pigment, may nevertheless be traced out, and are 
substantially the same as when first observed. 
rated fibres do not form very definite muscle-plates, but are 
divided up into bundles which overlap more or less with each 
The individual fibres are somewhat shorter than those 
A vague tendency to regular arrange- 
In the proximal part of 


The regene- 


other. 
at the root of the tail. 
ment may nevertheless be made out. 
the regenerated tail this is less apparent, but distally there is 
a grouping of the bundles into fairly regular segments. ‘The 
contour of those quasi-myotomes tends to correspond to that 
of the myotomes of normal tails. They are not reversed. The 
spinal cord extends out to the tip of the tail and follows 
closely the wavy curves of the notochord. ‘The regenerated 
part contains few or no ganglion cells or nerve fibres, and 
seems to have remaiued in a still more rudimentary condition 
than the new growth of cord in normally regenerated tails. 
The peripheral nerves radiate from a region in the non- 
regenerated part of the tail, both from the region of the larva 
proper and of the reversed piece. A large ganglionated 
plexus is situated there, the nerve cells of which are probably 
Thence the sensory nerve 


Those 


derived from both constituents).* 
fibres pass to all parts of the fin-fold (see Case 3), 
which are destined for the extreme tip of the tail pass almost 
longitudinally between the muscle-plates of the two sides and 
emerge into the fin-fold well on towards their peripheral ends. 
One pair of nerves passes for some distance very close and 
parallel to the spinal cord, but in the regenerated part of the 
tail no nerves could with certainty be observed to arise 
directly from the cord. 

The main series of sense organs of the lateral line has 
exactly the same position and distribution as usual. It 
extends along the side of the tail at the level of the notochord, 
following at first the bend of the latter. At the beginning 
of the distal half of the tail it passes gradually to the level of 
the dorsal edge of the muscle plates, along which line it 
extends as far as the tip of the notochord. ‘The dorsal series 
of organs situated on the dorsal fin-fold are not so regular and 
do not extend so far peripherally as is the rule. Some inter- 
ruption to their normal development must have occurred. 

CASE 2.—Both components R. virescens. Cut apart after 
being united six days. At the expiration of this time the 
yolk was for the greater part absorbed and the two larvae 
were quite active, struggling always in opposite directions. 
When cut apart in the same manner as in the previous case, 
blood streamed out from both larvae, showing that circula- 
tion had been established from one to the other. 

Regeneration took place as in the Case 1, but perhaps not 
quite so typically. ‘The tail was considerably more blunt 
(Fig. 17, Pl. X). Functionally, however, it was a very satis- 
factory organ; this larva was one of the most active of those 


experimented upon, The arrangement of the muscle fibres 


*This is certainly true in a number of other cases, which were 
preserved and cut into sections at a much earlier stage of develop- 
ment. 
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and the general distribution of the peripheral nerves in the 
fin-fold is the same as in the first instance. This specimen 
was kept alive for eighty-two days. At the expiration of this 
time the hind legs had developed to a considerable extent, 
although they were by no means so far along as is usual at the 
time of metamorphosis. Nevertheless, signs of degeneration 
were beginning to manifest themselves at the tip of the tail in 
the form of shriveling of the fin-fold and the extreniity of 
the axial structures (see page 189). The specimen was pre- 
served before the atrophy of the grafted tissues was complete. 

Cask 3.—In this experiment the two constituents were stuck 
together in the same way as before, but one of them was : 
palustris larva, while the other was a virescens. After being 
united for two days they were cut apart as shown by the line 
in Fig. 15, the virescens larva being left with a small portion 





“hike ; 
mn 
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Fig. 15. 
CasE 3. a virescens, }) palustris constituent, x8, 


of palustris tissue attached. It will be seen that a small bit 
of yolk, including the anal opening, was cut off along with 
the tail stump. At the time of cutting the epidermis of 
neither larva had encroached upon the other, the pressure 
from each end being presumably the same. Six days after 
this the epidermis of the virescens was seen to extend well out 
over the palustris tissue dorsally. The line of demarcation 
(Fig. 16) between the two extended from the tip of the tail 





Fie. 16 


Case 3. Tail portion of virescens component (Fig. 15 a) six days 
after cutting apart. Stippled field, palustris epidermis; shaded field, 


palustris musculature; @ palustris yolk. x 14. 


ventrally and headwards until a little below the level of the 
notochord where it was seen to bend ventrally. Apparently 
the boundary had remained nearly fixed in its ventral portion, 
the movement being held in check by the two anal openings 
(cf. page 177). This shifting of the epidermis in the same 
direction as in normal growth helps to explain the course 
tuken by the nerves in the first case described. The arrange- 
ment of the muscle plates presented about the same peculiarity 
as in the former cases. The mass of grafted yolk retained its 
position and on the sixth day was still but little differentiated. 
The end-gut of the principal larva seems to have been fastened 
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to that of the grafted piece, for it was pulled ont horizontally 
beyond the usual distance. This defect was corrected as 
development proceeded. 

This specimen continued to thrive. Fifteen days after cut- 
ting the transplanted notochord had attained the length of 
3 mm.,* the whole tail being about 5.5 mm. long. In view of 
the almost perfect regeneration of this tail it is highly proba- 
ble that the two notochords were entirely fused (see page 
463. It was able to swim actively, being hindered only to a 
slight extent by the presence of the small mass of endoderm 
attached to the tail. This marked the place of union of the 
two constitutents, and by this time was fully differentiated 
into a miniature coiled intestine, which was suspended by a 
mesentery in a small body cavity, and could be observed to 
undergo continual peristaltic movement. Blood could be 
seen circulating freely in the walls of the intestine and 
mesentery. Unfortunately, this larva died shortly after these 
last observations were made, and was not available for histo- 
logical study. 


_———— 





Fie. 17. 
Case 3. Tail portion of a (Fig, 15) fifteen days after cutting apart ; 


d intestine developed out of grafted yolk, x 14. 


Sections were cut off several other specimens which had 
been treated in the same way. ‘The intestine was found to 
contain a number of free cells, but of course no food matter. 
The anus was preserved intact and in one instance the rudi- 
ments of the hind legs, which had been removed with the 
piece of yolk, could be detected. These instances indicate the 
high degree of specialization of the tissues at the time of 
grafting even though it may not be always visible to the eye 
(see note, page 187). 

CasE 4.—In this case the two larve, both virescens, were 
cut apart three days after union. At this time the epidermis 
covering the wound had begun to show sighs of unevenness 
and crumpling. Two days after cutting apart a small hump 
made its appearance on the dorsal side of the muscle plates at 
the place where the two components were combined. This 
increased rapidly and formed a prominent projection, which 
on the twenty-sixth day had attained the length of 1.5 mm. 
The body of the larva had then attained a length of 7 mm. 
and the tail 8 mm. ‘The notochord of the transplanted piece 
was but 2.5 mm, long as against 7 mm. in Case 1. The exter- 





*I cannot be quite sure of the exact length of this because the 
place of union could not be made out in the living specimen, 
althongh there were indications_of a line at x Fig. 17. 
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nal form of this specimen as it appeared forty-five days after 
the operation is shown in the photograph (Fig. 16, Pl. X). 
After being strained and cleared it was ascertained that the 
notochords of the two constituents had not united, but that 
their ends overlap somewhat and are bound together by con- 
nective tissue. At the point where the two spinal cords were 
joined together there is a vesicular enlargement, triangular as 
seen from the side in optical section. Extending from the 
apex of this triangle a short prolongation of the cord accom- 
panies the dorsal prolongation of the muscle-plates mentioned 
above. In this case the two constituents were evidently not 
united so exactly as in Case 1, so that the tissues of the main 
larva had an opportunity to grow out. Correspondent to this 
there was a retardation of the distal growth of the grafted 
piece. The forked condition of the spinal cord is, however, a 
rather rare occurrence, and especially so in the absence of a 
forked notochord. 

Cask 5.—In this instance both constituents were R. palustris. 
In preparing the larvae for grafting the tails of both were 
amputated obliquely, so that when stuck together the axes of 
the two, instead of being in a straight line, met at an angle of 
about 135°. The two were kept united for six days, and at 
the expiration of this time it could be seen that the notochord 
of one had regenerated ventrally, having grown out into the 
ventral fin-fold. Accompanying this new growth of notochord 
were embryonic muscle-cells and blood-vessels, but no spinal 
cord. The two larvae were cut apart so that one whose 
chorda was regenerating was used as the principal larva, to 
which the inverted tail-stump of the other was left attached. 
This larva had, therefore, a forked tail from the start. ‘The 





Fia@, 18, 
Case 5. Tail, preserved forty-five days after cutting apart; d, dorsal 
fork of tail supported by chorda of grafted piece; v, ventral fork of 
tail supported by regenerated chorda of chief component; m, spinal 


cord; ch, notochord; ooo, sense organs of lateral line. x OY. 


upper or principal fork was constituted by the transplanted 
reversed tail, including its notochord, muscle-plates and lastly 
its spinal cord, which was completely fused end to end with 
the spinal cord of the principal larva. The outgrowth from 
the tissues of the principal larva formed the ventral fork of 
vhe tail. Both of those branches grew and increased in length 
and so that shortly after the operation the tail bore a certain 
resemblance, entirely superficial of course, to the heterocercal 
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tail of a shark (cf. Fig. 18, Pl. X, which is taken from another 
After forty-five 
days had elapsed, this specimen was preserved and studied ag 
a transparent object (Fig. 18). The notochords had not 
united. The outgrowth of the chorda forming the ventral 
fork is of a much smaller calibre than the original part, and 
presents a wavy or crumpled appearance. ‘That of the trans- 
planted piece is almost normal, but is slightly wavy and ends 
rather bluntly. It has a length of about 4 mm. Its proximal 
end is not united to the chorda of the main component, but is 
bent around ventrally to the side of the latter. The muscle- 
The original ones in the 


specimen treated in exactly the same way). 


plates are differentiated as usual. 
transplanted piece are reversed, while the newly regenerated 
muscles of this fork present the usual irregularity. This is 
likewise true of the muscles of the ventral fork, which are 
undoubtedly derived from cells from both constituents. The 
fibres of this fork bend around and are continuous with the 
axial fibres both orally and caudally. The sense organs of the 
lateral line are continuous out along the dorsal fork, that is 
from one constituent to the other. The series does not divide, 
there being none along the ventral fork. 

The forked tail in this instance was due no doubt to the 
fact that the notochords of the two larvae did not abut against 
each other, thus allowing one the freedom to regenerate. ‘The 
chance to react in this way was increased by the fact that the 
axes of the two tails made a considerable angle with each 
other. This effect is not always the result of these condi- 
tions, however, and besides a forked tail may be formed when 
the two axes are united in a straight line. The length of 
time during which the two larvae were united is not a factor 
to be considered in this connection, since in a majority of cases 
in which the two were united for six days, simple tails re- 
sulted, and forked tails were found in several instances where 
the two larvae were united for but a single day. The irregu- 
larities probably arise before the two components are cut 
apart. 

CasE 6. A palustris larva was united to a virescens. The 
two were cut apart on the third day, leaving a small portion 
of the virescens attached to the palustris. A ventral out- 
growth was formed, but in the present caseit originated from the 
transplanted piece and not from the chief constituent as in the 
previous. The notochord bent around at almost a right angle, 
and embryonic muscle-cells derived from both constituents 
accompanied the growth of the chorda. The spinal cord took 
part likewise and became forked; this is rather exceptional. 
The organs of the lateral line were present in both forks. 
In this case, therefore, both forks were derived from 
the transplanted piece, and we had here the tissues of this 
piece growing and regenerating from both ends simulta- 
neously, but the resultant tail was not as efficient an organ 
functionally as any of the cases described above. There is 
no essential difference in the origin of the irregularity in this 
case and in the last, for in both the regeneration had undoubt- 
edly begun before the larvae were cut apart. The difference 
lies in the manner of cutting apart, but it is only in the 
present instance that we have one and the same notochord 
regenerating from both ends. 

Case 7. Both constituents were R. palustris, and were cut 
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apart the day after they were united. On the twenty-third 
day after cutting apart the specimen was killed. At this time 
the tail had attained a length of 5 mm. The regenerated 
part was 4 mm. long and was regenerated from the tail of the 
principal larva, being very nearly straight and normal. The 
transplanted piece formed but an insignificant hump on the 
left side of the dorsal fin-fold, and was attached to the muscle- 
plates on the dorsal side. Neither the notochord nor the 
spinal cord was fused with the corresponding structures of 
the principal. No appearances of regeneration were present 
in either. 

The following summary is an attempt to classify the vari- 
ous forms resulting from the same operation as described 
above. The frequency of each is also given: 

I. Simple tails were regenerated from the cranial pole of 
the transplanted piece. Twenty-six instances. 

a) The notochords of the two constituents were completely 
fused. ‘Two instances (possibly three). 

b) The notochords were partially fused. 

c) The muscle-plates and spinal chords respectively, were 
fused, but the ends of the notochords merely abutted against 
each other and were united by connective tissue, the resulting 
‘Twenty-two 


Two instances. 


regenerated tail being less perfect than in a). 
instances. 

II. Double regeneration took place, resulting in forked 
tails. ‘Ten instances. 

a) This was due to the regeneration of the notochord and 
muscle-plates of the principal constituent. Five instances. 

b) This was due to the growth of the tissues of the trans- 
planted piece from both ends. ‘T'wo instances. 

c) Both nerve-cord and notochord were forked. ‘Two 
instances. 

d) Nerve-cord alone was forked. One instance. 

III. No perceptible regeneration of any kind took place. 
Three instances. 

IV. Regeneration took place in the tissues of the principal 
constituent alone. The grafted piece, which was but imper- 
fectly united in the first place, remained as an insignificant 
mass at the side of the newly regenerated tail. Seven in- 


stances, 


B. Tail Grafted to Various Parts of the Body. 
Case 8. A small piece (including yolk as well as integu- 
ment) was cut out of the ventrolateral body-wall of one 


>» 
\ — “ 
—" N o 
a ; \ 
—_—. 7, 
™, 
\ \ 
~\ 
E } 


Fie. 19. 
Case 8. Three days after operation, showing cut made in separating 


the constituents. x 8. 
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larva, while the tail-bud was removed from another, and the 
two were stuck together by the cut surfaces. Both were larvae 
of R. palustris. They were cut apart after three days (Fig. 
19). A week later the tip of the reversed tail had rounded 
itself off and a considerable amount of regeneration had taken 
place. Connection was established with the circulatory sys- 
tem of the principal larva, and a lively circulation was going 
This specimen was preserved 
The regenerated part of 


on in the transplanted piece. 
on the twentieth day after cutting. 
the reversed tail was a little over 2 mm. long, 
chord and muscles with a well marked fin-fold had regene- 


Soth noto- 


rated, but the spinal cord had not (Fig. 20). The mode of 
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CasE 8. Tail portion of Fig. 19a. Thirteen days after cutting apart 
‘, tail of principal; uw, regenerated tail-like structure; ch, notochord; 
m, medullary cord. x8 


innervation of the grafted tissue could not be made out with 
certainty. Numerous sense organs, like those of the lateral 
line, but rudimentary and irregularly arranged, were present 
in the epidermis, but no nerves could be traced running to 
them. 
CASE 9. 
the two were cut apart after one day. 
not quite so regular in this instance, and the nerve-cord of 


Operation was the same as in case 8, except that 


The regeneration was 


the grafted tissue seems to have contracted or atrophied par- 
tiaily instead of having regenerated. There was, of course, 
no connection between it and the cord of the principal larva. 
CASE 10. 
muscle-plates of the body of one larva, extending about to 
The tail was removed from 
They were cut apart after four 


A small cut was made in the dorsal fin-fold and 


the level of the spinal cord. 
another and the two united. 

days, so that the reversed tail was left sticking to the back of 
the other larva. 
both ends, the caudal end bending around so as to grow out 
freely instead of into the substance of the principal larva. 
Considerable growth took place from each end, but more from 
the oral than from the caudal (Fig. 19, Pl. X). ‘This speci- 
men was preserved after the expiration of four months and a 
half. It could be seen in the cleared object that only the 
muscles and notochord of the grafted tissue had regenerated. 


This grafted piece began to regenerate from 


The nerve-cord had not. Large cutaneous nerves extended 
from the principal larva out into the regenerated part of the 
transplanted piece. 

In a few cases tail-buds, not reversed, were transplanted to 
other parts of the body. Unfortunately, but two of these 


(Cases 11 and 12) were successful. In both of these the 
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supernumerary tail was fastened in the midline of the back 
of the other larva. In both cases the supernumerary tail 
grew and differentiated at first, but in neither was it ever used 
in swimming, although it was sensitive to stimuli. Aftera 
time atrophy ensued in one (Case 11) and the unused appen- 
dage was partially resorbed (Fig. 22, Pl. X). In the other 
(Case 12) the extra tail retained its normal form much longer 
(Fig. 21, Pl. X), although microscopic examination of the 
hardened specimen (preserved three months and a half after 
the operation) showed that both medullary cord and muscle- 
plates were involved in atrophy. ‘The peripheral nerves, for 
the great part at least, originated from the principal larva.* 


Discussion of the Material. 

Complete as is the union in the great majority of instances 
between the muscle-plates and spinal cords respectively of the 
two components, perfect fusion of the notochordal tissues was 
found in but two cases, and possibly in a third. It was in 
these instances that the regeneration of the reversed part took 
place in most perfect form and almost as rapidly as regene- 
ration from the caudal end. Where only partial fusion of the 
notochords occurs, which was observed in three cases, there 
may be considerable irregularity in regeneration. In one 
ef these specimens there was an actual branching of the chorda 
to one side. 

In the great majority of cases there is no actual fusion. 
The notochords of the two components are merely bound 
together by their connective tissue sheaths. In many such 
instances regeneration from either of the approximated ends 
is prevented, but a new growth is provided for at the distal 
end of the transplanted piece, though it does not take place 
quite so quickly nor is it so complete as when the notochordal 
tissue of the two constituents is completely fused. The 
organ which results in these cases, even if the nerve-cords 
and muscle-plates respectively be united, is less perfect than 
the tail described in Case 1. 

It often happens that the two notochords do not abut fairly 
against each other, or are so loosely bound together that one 
of them has the opportunity to regenerate. This begins 
before the two components are cut apart, and continues after 
cutting, no matter whether the regenerating chorda belongs 
to the main larva or to the grafted piece. Since the grafted 
chorda grows from its present distal end also, a forked appen- 
dage results, the two forks being usually in the same sagittal 
plane, at least in cases where the muscle-plates are properly 
fused. In such cases the new outgrowth of chorda is always 
accompanied by muscle tissue, blood-vessels and by some 
nerves, but usually not by the spinal cord. The two portions 


*In a case which Born described, a tail transplanted to the ven- 
tral body-wall disappeared down to a small stump in the course of 
time. In my attempt to repeat this operation I was unsuccessful. 

+ This has already been observed and commented upon by Born 
(page 394), who calls attention to the relative rigidity of the 
chorda even in early stages, and to the fact that the cut ends often 
project beyond the surface of the cut, as probable factors in pre- 
venting direct union. It may also be mentioned that there is but 
a relatively small quantity of yolk in the notochord at this time, 
and that it is by far the most highly differentiated of the tissues of 
such young embryos. 
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of the latter unite so readily and exactly that there is but 
little chance for budding of the chord to take place from the 
region where the two components are joined. Such a bifur- 
cation, however, occurred in some instances, three in all, and 
in one of these there was no forked notochord to support 
the secondary outgrowth. It is possible that the collection of 
cerebro-spinal fluid at the point where the two components 
are joined may give the first impulse to the outgrowth which 
results in the branch.* 

If the union of the two components is so imperfect that 
neither the notochords nor the spinal cords are fused, and 
especially if the displacement be from side to side so that the 
corresponding muscle-plates do not join, then the tissues of 
the principal larva, being free to grow, begin to regenerate 
rapidly and soon outstrip the feeble growth from the distal 
end of the transplanted piece.t A new complete tail is thus 
formed from the principal larva; the grafted piece ceases to 
grow and remains as a hump on the side of the new tail. 

When a reversed tail is healed to another part of the body 
of another larva, considerable regeneration takes place in both 
muscles and notochord. A tail-like organ is produced with a 
well-developed fin which is rounded at the end, but which is 
crumpled more or less. The spinal cord in these cases does 
not grow, however, and indeed it may be said that in all cases 
where the grafted cord remains isolated from that of the prin- 
cipal, it persists in a rudimentary condition or may even 
almost entirely degenerate. 

These experiments establish beyond a doubt the fact that the 
regenerative power of the tissues of the tail is very consider- 
able in both directions. ‘The appearances of regeneration 
observed by Born in the oral ends of isolated tails are the mere 
beginning of what is possible, provided that sufficient nutri- 
tion is supplied and functional activity afforded. That the 
latter is an important factor, is shown by the contrast between 
reversed tails implanted in the natural position and those 
attached to parts of the body, such as the abdominal wall, the 
back or the side of the tail, as in Case 7, where they may only 
remain passive.{ 

* These cases of forked tails are analogous (the ends being re- 
versed) to those found in some instances by Joest (12) when the 
tail pieces of two earthworms were joined together by their oral 
poles. In seven such cases Joest found that heads regenerated at 
the place of union. In six of these but one head was formed, 
while in the seventh two were regenerated (l. c., page 488). Simi- 
larly in Hydra, Wetzel (26) found that when two decapitated indi- 
viduals were joined together by their oral ends, mouth and tenta- 
cles were formed at the place of union and the two individuals 
ultimately separated. 

t Born (page 396) records a case in which the muscle-plates 
of the left side of the anterior component pass continuously into 
those of the right side of the posterior component. I have found 
several similar cases in the above series. 

t Of interest in this connection are the experiments of Barfurth 
(1) bearing upon the functional adaptation of regenerating parts. 
The tails of a number of tadpoles were amputated obliquely. The 
axis of the regenerated tail, which is at first perpendicular to the 
plane of the cut, righted itself in time in all cases, but in those 
individuals which were permitted to swim actively, this adjust- 
ment took place much more quickly than in those subjected to 
enforced quiet. 
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In the intestine the regenerative capacity is but slight 
in either direction, but the power of self-differentiation is 
exceedingly well marked. This is shown in the persistence 
of small masses of endoderm which were cut off along with 
the reversed tail-stumps in several instances. ‘hese bits of 
yolk not only maintain their individuality for weeks, but also 
differentiate into miniature intestines with mesentery, blood 
supply and surrounding body-cavity; and this, even though 
functional activity is entirely excluded.* 

As far as the histogenetic processes are concerned, there is 
but little difference between the mode of regeneration from 
the cranial and the caudal ends. For the purpose of investi- 
gating this matter a number of regenerating reversed tails 
were cut into serial sections. 

The growth and histological differentiation of the noto- 
chord takes place just as in normal cases, beginning as a 
solid outgrowth of closely packed cells, which form a rod 
much more slender than the old chorda. Vacuolization of 
these celis takes place later. 

The spinal cord rounds over the cut end. On the side of 
this, groups of ganglion-cells make their appearance, and 
from there a pair of regenerated nerves eventually passes to 
the periphery. Subsequently some of the ganglion-cells move 
out along the nerve-root (see p. 179). ‘These processes take 
place considerably more slowly than when the regeneration 
goes on from the caudal end, and of course irregularities 
often arise. 

The muscle-fibres which were injured in cutting the two 
larvae apart begin to break up, and traces of disintegrated 
fibrils may be found for four or five days. At the end of this 
time a layer of embryonic muscle-cells (sarcoblasts) extends 
from the uninjured myotomes to the tip of the newly regen- 
erated notocord. Thus far the process is just as it takes 
place in ordinary regeneration. When fibrils are differen- 
tiated, however, the bundles do not become arranged into 
distinct muscle-plates (cf. page 182), but are more or less 
irregular (Fig. 14), while in tails regenerated from the caudal 
pole the arrangement of the muscle fibres assumes the same 
form as in the primary appendage. Obviously, there are 
several disturbing elements which bring the irregularity 
about. ‘The muscle-plates directly adjacent to the newly 
regenerating muscles are reversed, and their contours must 
have some influence upon the arrangement of the newly 
differentiated fibres. On the other hand, the position of the 
latter as regards the tail as a whole is the usual one. The 
result is what might possibly be termed a compromise. The 
new groups of muscle-fibres become arranged neither accord- 
ing to their original orientation nor according to their new 
position with respect to the whole organism. There is a 
tendency, however, vague as it may be, for the more distally 
placed fibres, that is, those considerably removed from the 
influences of the old muscle-plates, to be arranged into quasi- 

* Born brings forward many facts which indicate the high power 
of self-differentiation in the tissues of frog embryos at the period 
when grafting is performed. He concludes (page 613): ‘‘Die 
Entwickelung entspricht also von unserem Ausgangsstadium an 
durchaus der Mosaiktheorie Roux’s; die organbildenden Keimbe- 
zirke sind ausgetheilt (His).”’ 
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myotomes with the angle of the V pointing forwards as in 
the usual form; but the explanation of this cannot be made 
clear until it is understood why the myotomes have this 
V-shape in all Ichthyopsida. 

The question stated at the beginning of this section (page 
180) now comes up for consideration. Are these cases to be 
regarded as examples of heteromorphosis, or not? Especially 
regarding such cases as Case 1, one is at first inclined to 
answer this question in the affirmative. In place of a trunk 
and head, which have been removed, there arises a tall-like 
appendage, which is an organ both structurally and func- 
tionally different. Loeb’s definition is apparently complied 
with.* Regeneration from the original caudal end of the tail- 
stump was prevented by implanting that end into the tissues 
of another individual. The surrounding conditions of the 
two ends of the grafted piece are reversed and the outcome 
is much the same as in the case of ‘T'ubularia,} where sticking 
the oral end of a bare stem into sand prevents a polyp from 
being formed there, while the aboral end, being free to grow, 
does produce a hydranth. In the case of the reversed tail the 
said change of surrounding conditions consists in a change of 
relation with regard to the rest of the organism. We would 
thus have a case of heteromorphosis, brought about through 
functional adaptation to the needs of the organism as a whole. 

But on closer examination a simpler interpretation of the 
phenomenon becomes possible. An inquiry into the grounds 
for calling the regenerated appendage a tail shows that while 
there is a striking resemblance in external form and in the 
arrangement of the various component parts, this similarity 
may be explained by taking into account the details of the 
regenerative processes. The notochord is merely a straight 
rod, lacking visible differentiation of its elements in a cranio- 
caudal direction; it is, therefore, not remarkable that its 
growth, whether proceeding from one end or the other, should 
take place in the same manner and give the same results. 
Much the same might be said of the blood-vessels. The 
spinal cord of the tail is in any case a rudimentary organ. 
The course of the peripheral nerves is explained by the shift- 
ing of the epidermis known to take place during development. 
In the only tissue in which there is normally a plainly visible 
orientation of the elements, viz., the axial musculature, the 
arrangement of the fibre bundles in the reversed tail is not 
as in anormal tail, either primary or regenerated, but is 
irregular. Moreover, when it is considered that the tail 
of a tadpole differs from the trunk in the absence of certain 
characters, and only to a small extent in the presence of dis- 
tinguishing ones, such as the fin-folds, it becomes apparent 
that the tail-like organ above described is not much more 
than what might be called an imperfectly regenerated trunk. 

Thus the cases under discussion, even such as Case 1 and 
Case 3, lose much of their significance as examples of hetero- 
morphosis. At most they might be regarded as heteromorphic 
appearances by virtue of purely negative characters, but 


* Loeb (14) who proposed the term heteromorphosis defines it 
(page 10): ‘‘Die Erscheinung, dass bei einem Thier an der 
Stelle eines Organs ein nach Form und Lebenserscheinungen 
typisch anderes Organ wichst.”’ 

+ Loeb, page 12. 
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better and simpler is it to call the phenomenon incomplete 
regeneration. 

This interpretation is strongly supported by the second 
series of experiments, in which reversed tail-stumps were 
implanted to various parts of the body (Cases 8-10). Even 
in these instances a by no means inconsiderable amount of 
regeneration occurs, and the structure produced is not unlike 
a tail, for it possesses all the constituents of such, including 
well marked fin-folds;* and this takes place, although the 
possibility of functional adaptation to the purpose of locomo- 
tion is eliminated, and no tail is necessary to complete the 
organism. ‘The effect which the position of the regenerating 
appendage produces is merely difference in degree of perfec- 
tion. The more perfect appendage is produced when all of 
the constituent parts (chorda, musculature and spinal cord) 
of the transplanted piece are in union with the corresponding 
parts of the main component, i. e., are in quasi natural rela- 
tions, so that they may enter upon the ordinary exercise of 
their function in co-ordination with the organism as a whole. 

While it must be recognized, therefore, that functional 
activity is an important factor in regeneration, as indeed, for 
the ordinary welfare of a part already developed, it is of 
importance only to the extent that it brings about a higher 
degree of efficiency in the structure already capable of 
considerable independent development in a given direction, 
regardless of surrounding conditions. ‘The present experi- 
ments do not justify us, however, in going further, in the 
conclusion that unusual relations imposed upon a regenerating 
part call forth out of material which would normally be used 
otherwise, an entirely new heteromorphic structure, as a 
functional adaptation to new surroundings, or as the result 
of a striving to complete the mutilated organism.f 


* Only the spinal cord fails to regenerate, but this is always the 
sase when the grafted portion fails to unite with the central nery- 
ous system of the main component. 

+ Analogous experiments upon other animals give likewise no 
firm support to the view that heteromorphosis may be brought 
about through functional adaptation. Morgan’s (17) experiments 
upon earthworms (Allolobophora fcetida) give, as far as they go, 
a negative answer. In the experiments in question the posterior 
portions of two worms were sewed together; from one of these 
the tail was amputated. In all cases where regeneration took 
place tails were formed, i. e., the part which was cut off, not the 
part necessary to complete the organism and render it capable of 
further existence. 

Wetzel (27) has made similar experiments upon Hydra. He 
united the oral portion of two polyps by the aboral end, and thus 
obtained a double individual; one head was afterwards cut off 
and in place of this a foot regenerated (page 71). This result 
is the opposite of Morgan’s. Wetzel interprets this as a case of 
heteromorphosis (page 83), but in view of the small number 
of instances in which such results were observed, he is not willing 
to ascribe its occurrence to the influence of the uncut component 
upon the regenerating one. But even against regarding the case 


in question as heteromorphosis at all, there are objections, for it is 
not impossible that during the time elapsed between amputation 
and regeneration the whole of the mutilated component may have 
been absorbed down to the aboral end of the other component, 
from which, then, the foot might have been produced in the 
normal way (cf. Nussbaum, 20, page 12). 


Unfortunately, Wetzel 
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Coupled with the occurrence of heteromorphosis is the 
question of the polarity of the organism. Unfortunately, the 
term “polarity ” is used with many different shades of mean- 
ing. Fundamentally a purely geometrical conception, it 
signifies more when used by the morphologist, implying not 
only symmetry, but also an internal cause for that symmetry, 
by virtue of which every particle of the organism has the 
same polar relations as the whole. This conception is based 
upon facts gathered from the study of regeneration, which 
show that the smallest possible part of an organism capable 
of regeneration maintains the same orientation as the whole, 
from which it was cut. For example, in Hydra, a head regen- 
erates from the oral end of a fragment, and a foot from 
the aboral end, when the fragment is left under ordinary 
conditions.* 

By imposing various external conditions upon regenerating 
organisms the polar relations may be modified, but it seems 
scarcely justifiable to conclude that such facts do away with 
the polarity of the organism concerned; certainly, no more 
so than to maintain that the fact that the poles of a magnet 
may be reversed by the influence of a more powerful magnetic 
force, does away with the polarity of the magnet. 

Nevertheless, it is perhaps unfortunate that the word 
“polarity” should be used in connection with the living sub- 
stance, for in that case one involuntarily assumes the occur- 
rence of phenomena of attraction and repulsion with protoplasm 
as the basis. At least as far as animals are concerned there is 
no indisputable evidence in favor of this assumption. Obvi- 
ously, it may be tested best by means of grafting, whereby 
tissues differently oriented may be brought into organic 





records in his paper no Observations controlling this possibility. 
Should this objection prove to be unfounded, it still remains that 
the sole positive character which serves as a basis for calling the 
phenomenon heteromorphosis, viz., the presence of gland cells in 
the newly formed foot, is by no means a good criterion. The 
difference between the gland cells and the epithelio-muscle-cells 
is only one of degree. Nussbaum (19, page 278) hasshown that all 
of the epithelio-muscle-cells contain secretory granules, the gland- 
cells of the foot simply containing more. And further, in buds, 
transitional stages between the two kinds of cells are found at the 
place where the new foot is to be formed, i. e., muscle-cells are 
here directly transformed into gland cells in the course of ordinary 
budding. 

* This is expressed more clearly and categorically in the oft quoted 
words of Nussbaum (19) as follows: ‘‘Auszerdem miissen wir zur 
Erklirung der Erscheinungen bei unseren Versuchen noch die 
Annahme machen, dass die Zellen wie in den Funktionen auch in 
der Struktur, in dem Aufbau ihrer kleinsten Theile hoch differen- 
zirt seien, dass niimlich innen und auszen, vorn und hinten nicht 
allein an dem ganzen Individuum ihre volle Geltung haben, 
sondern dass die axialen Orientirungen des Individuums in den 
Orientirungen seiner kleinsten Theile begriindet seien. Es muss 
also in jeder Zelle cin Vorn und Hinten, ein Innen und Auszen 
geben, rechts und links sind dadurch von selbst bestimmt. . . und 
da jede Zelle weiterhin theilbar gedacht werden muss, diese axiale 
Orientirung auch an den kleinsten Theilen der Zellen schon vor- 
handen sein’’ (page 348). As is also seen from a later publi- 
cation, Nussbaum (20) intends the above to apply only to cells 
already differentiated. 
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continuity.* Even then, disturbances arising in such unions 
may be due to a variety of causes, such as the reversal of 
structural relations upon which the exercise of normal func- 
tions are dependent,f and are not to be compared off-hand 
with the repulsion of like poles of magnets. Thus, the irreg- 
larities resulting in the reversed-tail experiments, where two 
caudal poles are placed in juxtaposition, may be traced to the 
circumstance that two regenerative centres are brought 
together. 

The only phenomenon which might be interpreted as the 
expression of some general organic disturbance resulting from 
abnormal polar relations, is the degeneration which set in in 
some of the reversed tails, as in Case 3. Also in Case 1, where 
the tail regenerated from the cranial pole was so perfect, 
indications of degeneration could be made out which involved 
both epidermis and the axial musculature. But no conclusion 
can be drawn from these in the absence of careful controlling 
experiments. Even should it turn out that the degeneration 
were due to abnormal position of parts, it could not be shown 
that there is any resemblance to magnetic repulsion.§ 


V. REACTIONS BETWEEN TISSUES DERIVED FROM 
DIFFERENT SPECIES. 


Partly as a result of the experiments described in the second 
section, there were obtained a number of larvae of normal 
external form, but which were composed of parts derived from 
two distinct species. Many of these were kept under regular 
observation for a considerable length of time, in some cases 


*That the union of such differently oriented parts is easy to 
accomplish is manifest from all the recent experiments in the trans- 
plantation of animal tissues as is seen from the results of Born, 
Wetzel, Joest, Morgan and myself. 

This is admirably illustrated by Mall’s (16) experiment in 
reversing a coil of intestine in the dog. The reversed coil heals 
perfectly with the non-reversed part, but the peristaltic movement 
takes place in it as if it had never been tampered with. The heap- 
ing up of the intestinal contents at the suture eventually results in 
the death of the animal. 

t This is in substantial agreement with Wetzel (26) who concludes 
from his experiments upon Hydra: ‘‘ Dies deutet darauf hin, dass 
vielleicht weniger polare Gegensiitze als iiberhaupt Abweichungen 
von der normalen Gestalt die beschriebenen Vorgiinge bedingen.’”’ 
In his second paper, Wetzel (27) distinguishes between ‘‘Regenera- 
tionspolaritit ”’ and ‘‘ Verwachsungspolaritit.’’ While these ex- 
pressions do not seem to me to be quite apt, the distinction made 
above by me agrees essentially with Wetzel’s. 

$ Véchting (92) on the other hand, from his elaborate study of 
plant-grafting comes to the conclusion that the polarity of the 
vegetable cell is comparable to the polarity of the magnet. In the 
theoretical discussion of his results he states (page 156): ‘‘Wohl 
wiren wir im Stande, den Gegensatz der Pole dadurch festzustellen, 
dass wir die gleichnamigen und ungleichnamigen in Beriihrung 
brichten und dadurch zu der Regel gelangten, dass die ersteren 
sich abstoszen, die letzteren sich anziehen,—ein Anziehen und 
Abstoszen, das sich hier freilich nicht in freien Bewegungen, wohl 
aber im Wachsthum iiuszert. Wir verfiihren sonach ganz wie der 
Physiker, der die Eigenschaften der verschiedenen Pole des Mag- 
neten auch dadurch bestimmt, dass er sie auf einander wirken 
liisst.”” 
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for three or four months after the absorption of the food yolk.” 
The general biological interest attaching to such heteroplastic 
combinations is naturally great. ‘The reactions between the 
tissues of distinct species, when united into one organism, 
deserve careful study. Unfortunately, the present material is 
far from adequate, but certain observations were made which 
seem to be of importance. ‘hese are here recorded in the 
hope that they may be supplemented at no late date. 

First to be considered are those larvae in which the tail-bud 
alone was transplanted. In this combination the tissues of 
the one species greatly preponderate over those of the other. 
The grafting of the tail by itself is such a light operation 
(succeeding in about four cases out of five) that few abnor- 
malities ever result therefrom. The larvae, at least at first, 
are perfectly normal and are as healthy and as active as any 
which are born in freedom and not experimented upon. The 
usual development of blood-vessels takes place in the tail, with 
the subsequent incorporation of these into the general circu- 
latory system of the individual. The blood begins in time to 
flow freely from the body to the tail and back again to the 
body. Both parts are at first equally well nourished and grow 
commensurately, so that the usual aspect of the tadpole is not 
changed (Fig. 6, Pl. X). The body-constituent does not 
immediately cast off the transplanted tail and regenerate a new 
tail of its own species, but the latter persists even though it is 
of a different species, and affords a perfect substitute for the 
one replaced.t ‘The tail preserves, moreover, in a general way, 
its specific characters even after months have elapsed, so that 
one who is familiar with the markings of the respective 
species would have no difficulty whatever in distinguishing 
grafted specimens from normal onesf). 


* Born made extensive experiments in combining larvae of differ- 
ent species or even genera, as in the case of Rana esculenta and 
Bombinator igneus. Owing, however, to unfortunate circumstances, 
none of these combined specimens survived the operation much 
over three weeks. 

tThis is different from the result which Wetzel obtained from 
grafting together hydras of different species (grisea and fusca). In 
this case, even though there be a union between the two parts, 
each part completes itself by regeneration of what is missing. But 
when the two pieces (similarly oriented of course) are of the same 
species, no regeneration occurs, for then the two unite into one 
complete individual. Wetzel calls attention (page 88) to the 
difference between his results and Born’s, who found no regenera- 
tion from either when two pieces of different species were joined. 
His objection to the comparison between the results in Hydra and 
the Amphibian embryo, viz., that in the latter scarcely any regen- 
erative capacity is present (referring of course to the trunk-region), 
would not hold in the case of my experiments with the tail, where 
the power of regeneration is very great. But then, as Wetzel 
points out, the union between pieces of hydras of different species 
is never complete and the one part does not react to stimuli applied 
to the other. Therein seems to lie the chief ground for the differ- 
ence between his results and Joest’s (Lumbricidae), with which 
latter mine agree in essentials. 

t The specific markings in later stages are due to the presence of 
large chromatophores, situated for the most part in the tissues 
underlying the epidermis. It seems certain that such cells often 
cross the boundary for a short distance from one species to the 
other, although it is difficult to demonstrate this actually, since the 
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The regenerative power of the transplanted tail is also 
normal as is seen from the following experiment: 

Case 13.—The tail of a larva of R, virescens was replaced 
by the tail of a larva of R. palustris, in the manner described 
above (page 175). Forty-eight hours later, at which time the 
sketch (Fig. 21) was made, the tail was amputated. The 
epidermis from the virescens body had then pushed out 
considerably over the root of the tail, so that in cutting almost 
all of the grafted epidermis (stippled in the figure) was 
removed. But a considerable portion of the underlying organs 
of the transplanted piece (shaded in the figure) remained, and 
it was from this component that regeneration took place in all 
the tissues with the exception of part of the epidermis. The 
newly grown tail was of normal form; and, as far as could be 
observed, it had the characteristics of the species of the grafted 
stump (palustris) and not those of the body (virescens) 
(Fig. 4, Pl. X). 


~~ 


Fie, 21.—Rana virescens with tail of Rana palustris, two days after 
transplantation, showing place Where tail was amputated. x11. For 
regeneration see Fig. 4, Pl. X. 


This was seen in the character of the pigmentation and 
especially in the absence of the large black blotches along the 
side of the tail, which are found constantly in the regenerated 
appendages of R. virescens. In spite of the insignificant size 
of the grafted stump as compared with the whole body, and in 
spite of the fact that the nourishment conveyed to the growing 
appendage is brought there in blood which is largely derived 
from the body, the tissues maintain their specific characters.* 
(See foot-note page 191.) 

A number of specimens in which each of the two compo- 
nents formed approximately equal parts of the individual were 
kept under observation. In all the cases in which this com- 
bination resulted successfully, R. virescens had been used as 
the head component and R. palustris as the caudal. Although 
the reciprocal combination was tried in a considerable number 
of instances, for some unknown reason it never resulted in 
success. The palustris embryo being somewhat larger than 
markings are referable to characteristic groupings of the pigment 
cells rather than to differences between the individual elements of 
the two species. These circumstances are unfortunate for the 
present purpose and conspire to add a source of error in the inter- 
pretation of observations. 

*T had hoped to obtain more definite evidence concerning the 
influences which regulate regeneration, from experiments carried 
out upon these lines. But owing to unfortunate circumstances 
most of the larvae of this series died. Besides, all regenerated 
tails deviate somewhat from the normal type, especially as regards 
pigmentation, which fact would bring in a considerable element of 
uncertainty, and in the tail I have not been able to find any other 
characters which could with safety be considered diagnostic of 
either species. 
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the other, it was found advisable to cut off the head of the 
former in the constricted region just behind the gill arches, 
while the latter was cut somewhat further back where its cir. 
cumference is greater. On this account at least part of the 
pronephros and possibly also the rudiment of the fore leg were 
duplicated, but without disturbing effect. 

Many of these larvae (nearly thirty) gave promise of doing 
well. They passed through the critical stage when the supply 
of food-yolk is exhausted, and began to eat and to shift for 
themselves. All of them showed the characteristics of R. 
virescens in the head and those of R. palustris in the body and 
tail. However, no sharp line dividing the two constituents 
could be observed after the yolk and ectodermal pigment was 
gone (Fig. 5, Pl. X). 

One by one they became weakly, decreasing considerably in 
size and finally dying unless preserved. Several of these larvae 
lived over three months; the others succumbed at various 
intervals. 

Only one (Fig. 5, Pl. X) passed through its metamorphosis, 
The operation in this case was performed on April 6. In its 
larval history there is nothing of individual importance to 
note. On August 7, its forelegs broke through. Its metamor- 
phosis was completed on August 10. The resulting frog, per- 
fectly normal in form, was much smaller than usual, being but 
1.7 cm. long.* It was kept in a terrarium in which it had 
access to a pool of water. Its instincts were apparently nor- 
mal, and it would spring about catching small flies and other 
insects, which were supplied in abundance. On August 27 
it died suddenly, death being probably due to overfeeding. 
The specimen was placed in formalin a few minutes after death 
ensued, and was afterwards photographed (Fig. 25, Pl. XI), 
magnified approximately two and a half diameters. 

The little frog is darker than any of the specimens of either 
R. virescens (Figs. 23 and 24, Pl. XI) or R. palustris (Fig. 26, 
Pl, XI) which I have examined.t The trunk has distinctly 
the markings of R. palustris with the dark-brown squarish 
spots on the back arranged in two rows on a lighter field, 
which, in the present case, is much darker than usual.{ The 
spots are relatively larger than in the normal palustris, although 
I have had no specimen which was as young as this for com- 
parison. Both pairs of legs correspond to the palustris type 
in the arrangement of the tubercles as well as in the markings 
of the skin.§ 

The head does not seem at first to resemble that of the nor- 
mal virescens very strikingly. The snout is much too blunt 
and the distance between the eyes too great. These are, how- 
ever, characteristics of the young individual. The unusual 
protrusion of the eyeballs is a post-mortem change. There is 
one round spot in front of the palustris region, and this is a 
virescens marking, and the characteristic spot on the top of 


* The larvae of R. virescens do not usually complete their meta- 
morphosis until the following season. 

t For descriptions of these species, see Cope (5). 

t The dark color has been considerably exaggerated in the figure, 
so that the markings on the body hardly show. 

iIn grafting, the rudiment of the anterior extremity was left 
intact in the posterior (palustris) part, and at least part of the rudi- 
ment was left in the anterior (virescens) component. 
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the orbit is present, though not very well defined. The lines 
running from the nostrils to the eye and to the shoulder are 
not very distinct. But what is more important than these 
color-markings, the arrangement of the vomerine teeth is like 
that in R. virescens. It was observed too that, especially in 
the virescens part, the characteristic markings made their 
appearance little by little. Had the frog lived longer, it does 
not, therefore, seem improbable that this part would have 
become more virescens-like. At any rate, the deviation of the 
head from the normal virescens type is not in the direction of 
the palustris type. And a similar statement may be made 
with regard to the body, for its general darkness in color can 
scarcely be regarded as a virescens character. Each com- 
ponent, then, maintains, on the whole, its own specitic charac- 
ters, subject, however, to certain non-specific modifications, as 
in the cases where the tail alone is transplanted. Of course 
the blood derived from the two parts is completely mixed and 
there is beyond doubt an interlacement of nerve-fibers both in 
the spinal cord and peripherally. A portion of the palustris 
component is covered over by virescens epidermis (page 177) 
and the virescens nerves running to this region must pass 
through the connective tissue of the palustris constituent. 
Wandering cells, pigmented and otherwise, no doubt cross the 
border from one component to the other. But all of these 
occurrences are found in the development of the normal indi- 
vidual, and are of the nature of the mixing of tissue-elements, 
rather than a blending of their characters. In addition to this, 
the tissues of the two species undoubtedly may influence one 
another in various ways, as is well known in the case of plants. 
A discussion of these influences in the absence of more material 
would be premature. It will suffice here to repeat that the 
two components do not modify one another in the direction of 
their respective species.* 

Notwithstanding the fact that the grafted appendages 
described in the beginning of this section are nourished and 
grow normally at first, their later history, as seen from the 
description of the following individual cases, seems to indicate 


This is in agreement with the conclusions reached by Véchting 
(24) from a study of plant-grafting. After summing up the various 
influences of stock upon scion he concludes (page 112): ‘‘ Zu 
den genannten drei Gruppen von Ejinfliissen wiirden sich, wenn 
ihre Existenz erwiesen wire, als vierte die gesellen, welche als 
specifische unterschieden werden mdgen. Das Eigenthiimliche 
ihrer Wirkung wirde darin bestehen, dass sie Veriinderungen in 
der specifischen oder systematisch gegebenen Form hervorriefen, 
somit also von sehr tiefgreifender Art wiren.—Derartige Einflisse, 
angeblich zwar oft beobachtet, haben sich bei naherer Untersuch- 
ung in der Regel als Tauschungen erwiesen. Uns selbst ist es in 
keinem unserer zahlreichen Versuche gelungen, ihre Wirkung 
wahrzunehmen.—Durch solche Einfliisse wurden auch die soge- 
nannten Pfropfhybriden hervorgerufen, deren Existenz aber, wie 
friher ausgefiihrt, durchaus zweifelhaft ist.”’ 

Also Joest (12), who made numerous successful experiments in 
uniting earthworms of different species and genera, obtained like 
results. In all heteroplastic combinations each part was found to 
preserve its specific characters, coloration included, even down to 
the minutest observable details. And even in cases where one of 
the components regenerates a lost part, no influence upon the 
regenerated part could be traced to the component of the other 
species. 





that the harmony between the tissues of the two components is 
not permanent. 

CasE 14.—A tail of R. virescens was grafted in normal posi- 
tion to the body of a palustris larva. The operation was per- 
formed on April 27th, the union of the parts being very exact. 
On May 20th, twenty-three days later, signs of degeneration 
were observed in the tip of the transplanted piece.* The 
degeneration was at first confined to the tip, and was apparent 
as a slight shrinking of the tissues of the fin-fold at that place, 
so that the distal end of the notochord projected freely beyond, 
as may be seen in Fig. 7, Pl. X, which is taken from Case 16. 
After this, atrophy proceeded very rapidly, although not so 
rapidly as during normal metamorphosis. On May 31st, eleven 
days after first being noticed, almost the whole of the trans- 
planted tissue had become involved in the degeneration (Fig. 8, 
Pl. X). 


proceeded so far, the hind extremities were represented by the 


At the time degeneration began, and even after it had 


merest knob-like projection on each side of the base of the tail. 
No metamorphosis followed the resorption of the tail. De- 
generation was confined exclusively to the grafted tissue, and 
involved eventually the whole of it, although it was never 
entirely absorbed. ‘The larva was apparently well nourished 
and grew rapidly, though its appearance was rather grotesque 
owing to the curious shape of the remains of the tail (Fig. 9, 
Pl. X). On July 28th the specimen was preserved. 

Case 15.—This has a history almost exactly similar to the 
foregoing. The atrophy of the tail was somewhat more com- 
plete (Fig. 10, Pl. X). 

CasE 16.—The combination was the same as in the forego- 
ing. ‘The operation was performed on April 21. As in the 
previous cases degeneration began early, but did not proceed 
beyond the initial stages (Fig. 7, Pl. X) until several months 
had elapsed, but instead the tail grew to an unusually great 
length. The grafted part in which the blood supply was ex- 
cessively rich, was distinctly marked off from the root by the 
smaller size of the axial musculature (Fig. Pl. X). On 
July 26 a sudden change was observed in the tip of the tail, 
which then became very deeply pigmented. Examination 
with the microscope showed that the blood-vessels throughout 
the tail were distended, and that the circulation in them had 
practically stopped. At this time the hind legs were fairly 
well developed, although by no means advanced as is usual at 
the time of metamorphosis. Degeneration with absorption of 
the tissues proceeded rapidly, but the specimen was preserved 
two days later before the process was completed. 

Case 17.—In this case the reciprocal experiment was per- 
A palustris tail was trasplanted to a virescens body. 
Not until May 31 were any 
Atrophy of the 
tail proceeded with but little apparent resorption of the tissues, 
so that six weeks later the appearance of the larva in gross 
was quite different from either of the others just described 
(Fig. 13, Pl. X). The axis of the tail was considerably shrivy- 


formed. 
The grafting was done April 13. 
signs of degeneration noted (Fig. 12, Pl. X). 


*In the history of a composite specimen where the tail half of a 
larva of Rana arvalis had been transplanted to the belly of a larva 
of Rana esculenta, Born mentions that the tail tip of the former 
showed signs of atrophy after a short time, page 561. 
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eled but not much shortened. No further changes were 
noticed between July 15, when the photograph was taken, 
and August 16 when the specimen, otherwise still perfectly 
healthy, was preserved. 

In addition to the four cases just described, there were 
others in which the incipient stages of atrophy were noted. 
‘T'wo of these were palustris larvae with virescens tails, and two 
were virescens larvae with palustris tails.* 

On the other hand there were three virescens larvae with 
palustris tails which showed no signs of degeneration in the 
transplanted tissues. One of these, the case described above, 
in which a portion of the grafted tail was amputated and 
allowed to regenerate, was preserved ninety-three days after 
the operation, and the others, when last observed four months 
after, were perfectly normal. 

Likewise, in some of the cases also described in the second 
section (page 177), where a small portion of the body, includ- 
ing some yolk, was transplanted along with the tail, similar 
degenerative phenomena were observed. In all, five specimens 
were kept for forty days or longer. ‘T'wo of these, both vires- 
cens larvae with palustris tails, became weak, seemed poorly 
nourished, and died at the expiration of forty and sixty days 
respectively, without showing any particular signs of atrophy 
In two others, which were otherwise apparently 
The one to show it the 


of the tail. 
healthy, the tail did degenerate. 
earlier was a palustris larva with a virescens tail, in which 
degeneration began about the ninety-fourth day after the 
operation, and proceeded rapidly in much the same way as in 
Case 1. The other tail, which began to atrophy on the one 
hundred and third day, was R. palustris and had been united 
to a virescens body. ‘This was never absorbed as in the first 
case, but had an appearance much like that described in Case 
16. The fifth specimen was preserved after four months, and 
at that time was in a perfectly healthy condition. 

These cases may be summed up as follows: 

Virescens tails grafted to palustris larvae always degenerate 
(five cases), while palustris tails grafted to virescens bodies 
degenerate in fifty per cent. (three) of the cases. 

When a small portion of the body, including yolk, is trans- 
planted with the tail, degeneration begins later than when the 
tail alone is removed. 

'T'wo possible causes of the premature atrophy suggest them- 
selves. One is that it is due to the operation of grafting itself, 
perfect as the union of the constituents may appear.t The 
other and more probable one is that there is an incompati- 
bility between the tissues of the two species whereby the pre- 
ponderant one poisons, or at least fails to nourish properly, the 


* In three of these, degeneration was first noted after the speci- 
mens had been stained and mounted. They had lived twenty-five, 
twenty-one and twenty-seven days respectively. In the fourth, 
signs of atrophy were observed on the twenty-fourth day. A few 
days later this specimen died from an unknown cause. 

| Unfortunately, the atrophy of the tail was not observed until 
after the material at my disposal for experimentation was ex- 
hausted. It was, therefore, impossible to make the simple experi- 
ment of transplanting a tail from one individual to another of the 


same species. This would either have proved or eliminated defi- 


nitely this first possibility. 
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other, in spite of the perfect anatomical relations.* In fayor 
of this view there is some evidence, even if it is not erucial. 
In the first place the quantity of the tissue in the smaller con- 
stituent is an element to be considered. When part of the 
body along with a small portion of yolk is transplanted with 
the tail, degeneration does not begin until very much longer 
after the operation than in those cases where the tail alone is 
removed. ‘his occurs in spite of the fact that the former 
operation involves more vital parts. In the second place, when 
the palustris tissue preponderates greatly over that of vires- 
cens, degeneration takes place in all cases, while in the reverse 
combination this degeneration does not always ensue, and when 
it does, it assumes a different form.T 

The further discussion of this interesting question must be 
postponed until a more systematic series of experiments is 
made, and above all until sufficient material is at hand for a 
careful histological study of the degenerative processes. 


SUMMARY. 


1. The embryos of Rana virescens and Rana palustris are 
markedly different in color. The specific coloration which is 
due to pigment and yolk granules, is common to all cells. In 
heteroplastic combinations of embryos of these species, made 
according to Born’s method, it is, therefore, possible to follow 
in the living specimen, as development proceeds, the movement 
of any group or layer of cells with respect to the original divid- 
ing line between the two constituents. 

2. The combination of body and head of one species with 
embryonic tail-bud of the other, gives the following informa- 
tion concerning the mode of growth of the tail: a) The epi- 
dermis passes steadily from the body to the tail, shifting over 
the underlying structures, so that one week after grafting the 
original epidermis of the tail-bud covers but about one-third 
(the tip) of the tail. b) The musculature, spinal-cord and noto- 
chord increase in length largely by apical growth, and also, 
but to a much less extent, by the pushing of segments (about 
three) out from the trunk to the base of the tail. 

3. In the trunk region, the shifting of the epidermis over 
the underlying organs becomes less in amount as the head is 
approached. 

4. The movement of the epidermis is due to the tension 
brought about by the rapid apical growth of the tail, and the 
absence of a corresponding proliferating centre in the epider- 
mis at the tip. 

5. ‘The oblique course taken by the cutaneous nerves of the 
trunk and tail of the full grown larva and frog, in passing 
from the vertebral column to their ending in the skin, is due 
to the ontogenetic shifting of the latter from its original posi- 
tion. 


*Disharmonic combinations are well known in plants. See 
Vochting (24), page 100. Born (3) also touches upon this question 
at the conclusion of his paper. 

+ Of interest in this connection are the results obtained by L. 
Loeb (15) from the study of transplantation of skin in guinea-pigs. 
White skin transplanted to a black field behaves differently from 
black skin removed to a white field. The former sloughs off while 
the latter persists. Loeb traces this to the superior regenerative 
power of the dark skin. 
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6. After amputation of the tail, the peripheral nervous sys- 
tem is regenerated from the spinal cord. First, a single nerve 
pair arises from cells lying within the cord. Part of these 
cells pass out upon the nerve-root and form a large ganglion. 
Later, a few of the nerve-cells wander further peripherally 
along the nerve-trunk, forming several (at most three) gangli- 
onic cell-groups. These represent the more distally situated 
ganglia, lost in amputation, which are never entirely replaced. 

7. The oral end of an amputated tail-bud has a considerable 
regenerative capacity, when the bud is transplanted by its dis- 
tal end to the body of another individual. The structure then 
regenerated is tail-like in form, no matter to what part of the 
body it is attached. 

8. When transplanted so as to replace a normal tail the 
resemblance to the latter may become striking. The perfec- 
tion of the part as a swimming appendage is in such cases 
dependent upon the exactness with which the corresponding 
tissues of the respective components are united. If the union 
is imperfect, forked tails result. 

9. The cases in question are not necessarily to be regarded 
as heteromorphosis (tail in place of head and trunk), for the 
tail-like appendage is to be considered as an imperfectly regen- 
erated trunk. 

10. The position of the reversed tail-stump with respect to 
the rest of the organism is of importance during regeneration, 
only in so far as it influences the degree of efficiency of the 
structure regenerated. Neither the present nor other experi- 
ments indicate that the influence of the organism as a whole 
upon the regenerating part is able to bring forth a hetero- 
morphic structure, functionally adapted out of material which 
would normally produce something else. 

11. In combinations between embryos of two species, each 
component maintains its specific individuality. The modifi- 
cations which may arise in either of the components are not of 
the nature of a blending of specific characters. 

12. In combinations where the tail alone is replaced by a 
tail of the other species, the latter forms at first a perfect sub- 
stitute for the original tail. Nevertheless, in the majority of 
cases, the grafted appendage atrophies later and disappears 
almost entirely, long before the larva undergoes its metamor- 
phosis. 

13. When a small portion of the trunk is transplanted along 
with the tail, atrophy of the latter is considerably delayed. 

i4. Also when the two components are united in the region 
of the pronephros, the composite larva grows normally and 
may remain healthy and vigorous for many weeks. Only in 
one case, however, did such a specimen complete its metamor- 
phosis. The frog had perfectly normal instincts and power of 
co-ordination. The portions derived from each of the two 
species could nevertheless be distinguished clearly by means of 
color-markings and other specific characters. 
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EXPLANATION OF PLATES. 
PuaTE X. 
(All photographs taken from the living tadpoles. ) 


Fig. 1. Rana virescens, normal with the exception of the tip of 
the tail, which is regenerated. x 2. 

Fig. 2. Rana virescens, with regenerated tail. Xx 31. Note 
deepness of pigmentation of the tail, especially the large blotches, 

Fig. 3. Rana palustris, normal. xX 2. 

Fig. 4. Case 13. Rana virescens, with tail of Rana palustris, 
which is for the greater part newly regenerated. xX 3. 

Fig. 5. Head of larva (including gills) Rana virescens, remain- 
der Rana palustris. Photograph taken one hundred days after 
operation. X 2. Same individual as frog (Fig. 25). 

Fig.6. Rana palustris, with tail of Rana virescens. Twenty- 
seven days after operation. Scarcely perceptible signs of atrophy 


2 


in tail-tip., x 3}. 


[No. 103. 


Fig. 7. Case 16. Same combination as Fig. 6. Forty days after 
operation. ‘Tip of fin-fold atrophied. Xx 3}. 

Fig. 8. Case 14. Same combination as Fig. 6. Thirty-five days 
after operation. Degeneration of transplanted tail, much further 
advanced than in Fig. 7. x 3}. 

Fig. 9. Case 14. Seventy-seven days after operation. x 2'. 

Fig. 10. Case 15. Same combination as the foregoing. Eighty- 
one days after operation.  X 2. 

Fig. 11. Case 16. Eighty-three days after operation. x 24. 

Fig. 12. Case 17. Rana virescens with tail of Rana palustris, 
Forty-eight days after operation (cf. Fig. 7). x 34. 

Fig. 13. Case 17. Ninety-three days after operation. x 3. 

Fig. 14. Case 1. Rana virescens with regenerated reversed tail 
of another individual. Regenerated thirty-eight days. x 3}. 

Fig. 15. Case l. Regenerated eighty-nine days. x 3. 

Fig. 16. Case 4. Same combination as Fig. 14. Tail regene- 
rated forty-two days. Forked spinal cord. X3}. 

Fig. 17. Case 2. Same combination as in Fig. 14. Regenerated 
thirty-seven days. X 3}. 

Fig. 18. Case 5. Combination as in Fig. 14 except that both 
larvae are Rana palustris. Tail regenerated sixteendays.  X 3}. 

Fig. 19. Case 10. Rana palustris with reversed tail of another 
larva grafted to its back. The transplanted tail has regenerated 
from both ends (twenty-two days). X 3}. 

Fig. 20. Same combination as in Fig. 19 except that a small por- 
tion of yolk was transplanted with the tail. Regenerated sixteen 
days. xX 3h. 

Fig. 21. Case 12. Rana palustris with accessory tail grafted to 
the back. Twenty-one days after operation. X 3}. 

Fig. 22. Case 11. Same combination as in Fig. 21. Sixty-nine 


days after operation. Accessory tail to a great extent atrophied. 
X 24. 
Puate XI. 


(All specimens preserved in formalin.) 


Fig. 23. Rana virescens, adult female just after spawning. x }. 

Fig. 24. Rana virescens, adult male. xX #. 

Fig. 25. Same individual] as in Fig. 5. Head, Rana virescens ; 
trunk and limbs, Rana palustris. Preserved one hundred and 
forty-three days after operation, or seventeen days after meta- 
morphosis. x2}. F 

Fig. 26. Rana palustris, young specimen.  X é. 


ENDOCARDITIS DUE TO A MINUTE ORGANISM, PROBABLY THE BACILLUS INFLUENZA. 


(PRELIMINARY REPORT.) 


By Mapex F. AUSTIN. 


( From the Pathological Laboratory of the Johns Hopkins University and Hospital.) 


Endocarditis of infectious origin is associated with the 
presence of many species of pathogenic bacteria; although 
most commonly the result of the invasion of the pyogenic 
cocci, other bacteria are capable of producing the characteristic 
lesions of the disease. Since the discovery of the bacillus 
influenza by Pfeiffer a number of instances of endocarditis 
accompanying influenza have been described clinically, but 
thus far, although this micro-organism has been found in 
various locations in the body, such as the lungs and the 
meninges, where it has set up inflammatory processes, it has 
not been demonstrated in the anatomical lesions of endocar- 
ditis. There have come to autopsy in the pathological labora- 





tory during the last three years three cases of endocarditis in 
which bacilli were found in the lesions of the heart-valves 
agreeing morphologically with the influenza bacillus, and 
probably identical with this organism. As the cases are of 
interest on account of their probable etiology they will be 
reported briefly in this place. 

CasE 1.—C. K. Colored. Male, age 20. Autopsy by Dr. 
Flexner, 3/21/96. 

Anatomical Diagnosis.—Acute ulcerative and chronic pro- 
liferative endocarditis affecting the mitral, aortic and tricuspid 
valves; mitral stenosis and insufficiency; rupture of chordae 
tendineae of mitral valve; perforation of aortic segments; 
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adhesion of leaflet of tricuspid valve to ventricular wall; 
globular heart thrombus; cardiac hypertrophy and dilatation ; 
compression, congestion and infarction of the lungs; hemor- 
rhagic nepbritis; oedema. 

Only that part of the protocol relating to the heart will be 
given. The organ is enlarged, weighing together with the 
pericardium 1050 grams. The hypertrophy affects both sides. 
The tricuspid valve is the seat of thickening and the segments 
have become united. The chordae tendineae are likewise thick- 
ened and contracted and the trabeculae and papillary muscles 
are hypertrophied. ‘The cardiac muscle is the seat of marked 
fatty degeneration. In the apex of the right ventricle there 
is a globular thrombus lightly attached to the wall. The left 
ventricle is especially enlarged, all the parts being hypertro- 
phied. The chordae tendineae are diffusely thickened, and 
they are also the seat of minute excrescences between which 
small erosions exist. Similar vegetations cover the margins of 
the segment of the mitral valve and the endocardium of the 
auricle. A tendinous cord proceeding from the right papillary 
muscle to the mitral valve is ruptured and the fresh edges of 
the torn thread are covered with recent thrombi. The leaflets 
of the valve are grown together and thickened. A consider- 
able mass of vegetations extends upwards from the aortic seg- 
ment of the mitral valve to the aortic valve, covering the inner 
surface of the aortic segments. Several perforations exist in 
the right segment. 

Bacteriological Examination —The cover-slip preparations 
made from the vegetations of the cardiac valves are crowded 
with micro-organisms. ‘These consist of small bacilli, usually 
straight, but sometimes curved. They stain both solidly and 
at the poles. These rods are chiefly free, but many are also 
contained within the protoplasm of leucocytes. No other 
form of micro-organism was found in the cover-slips. Cultures 
made upon agar from the unopened heart gave no growth. 
After opening the heart second cultures were made, and these 
grew a variety of micro-organisms which were regarded as 
accidental. The minute bacillus described was not present in 
the rank growth. 

Case 2.—W. W. Colored. 
Flexner, 10/22/96. 

Anatomical Diagnosis——Chronic mitral endocarditis and 
stenosis; sclerosis of coronary arteries; vegetative and ulcer- 
ative endocarditis of mitral and aortic valves; chronic passive 
congestion. 


Male, age 37. Autopsy by Dr. 


The heart is hypertrophied, its weight being 470 grams. 
The leaflets of the mitral orifice are thickened and grown 
together, and the orifice is narrowed. The chordae tendineae 
are also thickened and shortened. The edges of the valve are 
incompletely covered with vegetations which can be traced 
from this situation to the aortic valve, the middle segment 
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of which shows two perforations. The tricuspid valve is 
free. 

Bacteriological Examination.—Films from the mitral valve 
show great numbers of short slender bacilli, sometimes slightly 
curved. These show distinct polar staining. By Gram’s stain 
they are completely decolorized. Cultures upon agar-agar 
were negative. Sections of the mitral valve stained for bacteria 
showed large numbers of organisms similar to those described 
in the cover-glass preparations. 

Case 3.—G. M. White. Age 17 years. 
Flexner, 2/22/98. 

Anatomical Diagnosis.—Stenosis of the pulmonary artery ; 
chronic and acute endocarditis of pulmonary valves; vegeta- 
tive pulmonary arteritis; heart hypertrophy; hemorrhagic 
infarction of lungs; chronic passive congestion. 

The heart is enlarged, weighing 400 grams. The mitral and 
aortic valves are normal. The tricuspid valve, except for a 
hard calcified nodule is also normal. The pulmonary orifice 
is stenosed; the leaflets of the valve are grown together, the 


Autopsy by Dr. 


segments being diffusely thickened. The free edges of the 
valves are covered with vegetations which extend into the pul- 
monary artery and its primary branches. 

Bacteriological Examination.—Film preparations made from 
the vegetations upon the pulmonary valve and artery show 
many polymorphonuclear leucocytes with fragmented nuclei. 
‘The protoplasm of these cells is filled with minute bacilli, and 
similar organisms are found outside, probably liberated by 
disintegration of the cells. They are straight or curved and 
stain either uniformly, or more deeply at the poles. Cultures 
on agar-agar from the unopened heart were negative. After 
opening the heart and some handling a second series of cul- 
tures was made, which however became contaminated. ‘The 
minute organism seen in the films did not appear in these con- 
taminated cultures. Sections of the pulmonary valve and 
artery show chronic fibroid thickening with recent thrombi. 
In these thrombi large numbers of minute bacilli were found. 
Sections of the lung show, besides the chronic congestion, 
similar bacilli which occupy the alveolar spaces. 

The above cases present an infection of the endocardium 
with minute bacilli possessing characteristics in common. 
The morphology of the bacilli, their staining reactions, and 
their difficulty of culture agree with the properties of the 
bacillus influenza. Unfortunately, the organisms were not 
obtained in cultures, so that one link in the chain of proof 
that the organism is the bacillus of influenza cannot be sup- 
plied. Perhaps the conditions under which the cultures were 
attempted may be responsible for the failure to obtain growths 
even when suitable media were employed. On the other hand 
the vast numbers of organisms described which were found 
upon the diseased heart-valves leave no question of their causal 
connection with the pathological process. 
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t esiemnaniiiiiaieinal 
OBITUARY.—EDWARD P. MCKEOUGH. 


At a meeting of the Class of Nineteen Hundred and One, of 
the Johns Hopkins Medical School, held October the twenty- 
first, Eighteen Hundred and Ninety-Nine, the following resolu- 
tions were adopted : 


WHEREAS, It has pleased God, in his infinite wisdom, to 
remove from our midst our beloved friend and classmate 
Edward Patrick McKeough; therefore be it 

Resolved, That we, the members of the Class of Nineteen 
Hundred and One, of the Johns Hopkins Medical School, do 
deeply regret the loss of one who has been a true and loyal 


man, and whose life and character will ever be an example 
for his friends to follow; and 
Resolved, That we express to his family our most heartfelt 
sympathy in their great bereavement; and 
Be it further Resolved, That a copy of these resolutions be 
sent to his family and published in the BULLETIN of the 
Johns Hopkins Hospital. 
H. P. PARKER, ) 
R. T. Comer, ; 
Manion Watxer, | Committee 


J. R. Bosiey, 


PROCEEDINGS OF SOCIETIES. 


THE JOHNS HOPKINS HOSPITAL MEDICAL SOCIETY. 


Report of Gynaecological Cases. Dr. Kety. 

CasE 1. Fxtensive Destruction of the Sphincter—This 
patient was an old syphilitic with extensive ulceration of the 
bowel which had been present for a number of years and for 
which a number of operations had been performed. The dis- 
eased area could be distinctly felt through the vagina as a 
rigid fibrous cord extending well up back of the cervix and in 
some of the operations (she had had 19) the sphincter had 
been destroyed anteriorly, leaving a boat-shaped scar. 

[ operated on the 23rd of March of this year and she 
remained in the hospital until the 25th of April. I performed 
the following operation, desiring to get rid of this restricted 
area, and restore the function of the bowel so that she could 
have easy passages and be able to control them: I divided 
the septum freely with a pair of scissors, cut across the 
sphincter and turned it over as a flap, making a U-shaped 
incision with its convexity forward. ‘Then I followed up the 
bowel, catching it with forceps and pulling it down and dis- 
secting it out on all sides with scissors. I tied a great many 
small vessels, dissected out the levator ani, opened the perito- 
neum and found that at a point opposite the middle of the 
cervix the lumen of the bowel became normal. I cut the 
bowel at this point, brought it down and attached the pos- 
terior end just behind the sphincter. ‘Then, by a somewhat 
complicated plan of suturing, I attached the bowel anteriorly 
and at the sides to restore the sphincter. The result 
was all I could have desired. She made a perfect re- 
covery and now has entire control over the function of the 
bowel. 


CasE 2. Carcinoma Uteri.—This patient had probably the 
most advanced carcinoma of the uterus I have operated upon 
satisfactorily since I have been at work in this hospital. The 
lower part of the uterus was destroyed and the disease 
extended anteriorly so far that there was some doubt about 
the involyment of the floor of the bladder. She stood a pro- 
longed operation of about two hours very well. Had she not 
been in such good condition at the time I could not have 


attempted it. I first introduced bougies into each ureter so 
as to have them under observation at all times. This is a sine 
qua non to success in all such operations, for we can at any 
moment see just exactly where the ureters are. I then made 
an incision in the vault of the vagina and began by freeing 
the bladder from the vagina and separating it from the 
uterus; then catching the uterus at the fundus I pulled it 
down through the opening in the vaginal wall. Next I tied 
off the vessels of the broad ligament in the upper part, split 
the uterus in two, which made it more movable, thus enabling 
me to turn the two portions down into the vagina and so get 
at them more readily. I removed first the easiest side, taking 
care to get as far as possible from the uterus and avoid the 
ureter which was constantly in view; I then attacked the 
more difficult side. When I got down to the base of the 
broad ligament, I was able to show very well the risks one 
experiences when the ureter is not catheterized. It could 
have been doubled on itself and if the bougie had not been in 
place I might have felt perfectly safe in thinking it at some 
other point than the place it really occupied. I amputated 
the diseased portion of the ureter, incised the bladder and 
stitched the ureter to it. The patient has done very well ever 
since and there is every reason to believe that she will make a 
good recovery. 

I think we are going to occupy a very different attitude 
towards these carcinoma operations in the future. We are 
coming back to the vaginal operation, but this will be per- 
formed in a different way from former methods. Fifteen 
years ago the uterus was always removed by vaginal hysterec- 
tomy. It was skinned out, this being done to avoid the 
danger of tying the ureters, but, of course, bits of carcinoma- 
tous tissue were always left in. Some of us, to avoid this, 
went over to the abdominal route. Drawing our inferences 
from the operations performed on the surgical side of the 
house in breast cancer, we thought we should get better 
results by removing the glands with the uterus. We did 
some satisfactory operations, taking out all the pelvic glands 
we could find. Very painstaking and thorough examinations 
made by Dr. Cullen in our laboratory showed, however, that 
our conclusions were not warranted and that the disease 
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extended directly up from the cervix, the glands being 
involved only in the late stages, or in cases that were 
not operable. I have, therefore, come back to the vaginal 
operation, performing it, however, in a new way. I make 
an incision, begin above and work down, splitting the 
uterus and with bougies in the ureters so as to know at all 
times where they are. All that is necessary is a patient that 
has not been so weakened by hemorrhages or disease that she 
will not be able to stand a prolonged operation. I am glad 
for many reasons to come back to this operation again. 


CasE 3. Excessive Growth of Fat.—A patient thirty years 
of age came in the other day because of an enormous develop- 
ment of fat in the body and I removed the large mass before 
you from the abdominal wall. She had a pendulous abdomen 
and was glad to get rid of some of the superfluous fat so as to 
enable her to walk around with comfort. Her weight was 285 
pounds and this mass, which is larger than the ordinary 
woman’s whole belly, was removed, the edges of the wound 
being brought together without tension. It weighs 7,450 
grams and forms an interesting contrast to a small lipoma of 
the thigh about the size of my fist that I removed a few days 


before. 


Dr. WeLcH: It is of interest that the prognosis is relatively 
favorable after hysterectomy for uterine cancer. This is, of 
course, due to the late period at which metastases are prone 
toappear. There are two forms of cancer of the uterus, the 
flat-celled of the cervix and the adeno-carcinoma of the body. 
The latter originates in the mucous membrane, extends down 
slowly into the wall of the uterus and it is a significant fact 
that the metastases occur generally quite late. It is as if the 
wall of the uterus was a sort of case and prevented the ready 
entrance of the cells into the lymphatic or blood current, as 
occurs with cancers developing in the interior of ovarian cells. 
The flat-celled epithelioma does not form secondary deposits 
in the lymphatic glands so readily as most cancers do and this 
is true in general of flat-celled epithelioma. 


NOTE ON NEW BOOKS. 


Tbe Mechanics of Surgery : comprising detailed descriptions, iilus- 
trations and lists of the instruments, appliances and furniture 
necessary in modern surgicalart. By Cuarites Truax. (Chicago, 
1899.) 


The object of this book is to present to surgeons careful detailed 
descriptions of instruments used in surgical operations, and also of 
instruments for general medical research, such as microscopes, 
thermometers, stethoscopes, sphygmographs, aesthesiometers, 
dynamometers, etc. The work seems carefully and judiciously 
done, and the result is a book of great utility to the surgeon and 
physician. The descriptions of instruments are very complete, 
and the accompanying illustrations are helpful to those who wish 
to identify instruments and determine in their own minds what 
they may use for particular operations. The information is exact 
and covers the more recent surgical appliances like Laplace’s 
anastomosis forceps and Murphy’s button. It is difficult to call to 
mind any surgical instrument of permanent value which may not 
be found described or pictured in this handsome volume of 1000 
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pages. The author deserves great credit for the thorough manner 
in which he has worked out his ideal of the utility of such a book. 
He has avoided trenching upon technical ground, and yet has 
produced a very helpful handbook. 


BOOKS RECEIVED. 
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